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Abstract 


On.  Truelove  Lowland,  Devon  Island,  N.W.T.,  high  arctic 
populations  of  Sal ix  arctica  and  Saxifraga  oppositifoiia 
were  studied  to  determine  if  the  environmental  cues  involved 
in  cold  acclimation  in  these  species  differ  from  those  which 
induce  hardiness  in  temperate  plants.  Field  treatments 
altered  the  quality,  intensity  or  duration  of  radiation 
received  by  the  plants.  Measurements  of  seasonal  changes  in 
the  red:far-red  and  red:blue  ratios  at  this  latitude  (75°N) 
were  compared  to  predictions  from  a  radiation  model.  Leaf 
and  shoot  cold  hardiness,  along  with  leaf  water  potential 
were  sampled  throughout  the  growing  season.  Studies  were 
continued  in  the  laboratory  under  controlled  environments. 

Growth  under  a  reduced  red: far-red  ratio  (-red)  or  an 
increased  red:blue  ratio  (-blue)  light  regime  did  not  affect 
the  cold  hardiness  of  Sal ix  arctica  leaves.  The  mean 
seasonal  LT  50  (±SEM)  for  the  combined  treatments  was 
-8.6±.4°C.  Short  days  accelerated  leaf  senescence  and  may 
have  slightly  increased  leaf  hardiness  (-12.5°C)  prior  to 
senescence,  after  which  cold  tolerance  decreased  (-6.4°C). 
Increased  internal  solute  concentration  associated  with 
senescence  may  have  caused  the  brief  increase.  Under 
controlled  conditions,  leaf  hardiness  was  estimated  to  be 
near  -7°C. 

Stem  hardiness  (LT  50)  of  field  plants  with  no  signs  of 
senescence  was  between  -15°  and  -18°C.  At  the  same  time, 
plants  undergoing  leaf  senescence  were  tolerant  to  near 
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-27°C.  Stems  survived  to  <-44°C  by  completion  of  senescence, 
even  when  held  at  +5°C  under  continuous  light.  Dormant 
plants  held  at  -10°C  survived  immersion  in  liquid  nitrogen, 
but  hardiness  decreased  to  near  -12°C  during  active  growth 
and  increased  to  <-20°C  as  leaf  senesence  began;  with  no 
change  in  environmental  conditions.  Although  short  days  and 
a  far-red  night  treatment  both  induced  greater  hardiness 
earlier  than  normal,  endogenous  factors  appear  to  control 
cold  acclimation  in  the  field,  possibly  through  increased 
sensitivity  to  low  temperatures  (+5  to  -5°C),  which  act  to 
initiate  the  metabolic  and  physical  changes  necessary  for 
very  low  temperature  survival.  Despite  shifts  in  the 
red: far-red  ratio  near  the  end  of  the  growing  season,  there 
was  no  evidence  that  plants  used  these  changes  to  cue  cold 
acclimation  or  dormancy. 

Endogenous  control  of  dormancy  and  cold  acclimation  was 
also  implicated  in  Saxifraga  oppositifolia.  Plants  became 
cold  hardy  to  near  -40°C  while  maintained  at  +5°C  at  the  end 
of  a  normal  growing  season.  Untreated  field  plants  were 
hardy  to  between  -15°  and  -19°C  during  most  of  the  season, 
and  to  near  -9°C  under  controlled  environments.  The  greater 
tolerance  of  the  field  plants  may  have  been  due  to  lower 
root  temperatures  and  slight  water  stress.  Short  days 
accelerated  senescence  of  second-year  leaves  and  hastened 
increased  hardiness. 

Leaf  water  potential  of  Sal ix  arctica  in  the  field  was 
generally  above  -1.40  MPa.  Under  controlled  conditions,  leaf 
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water  potential  ranged  between  -0.7  and  -1.0  MPa.  Osmotic 
potential  was  low  (-1.85  to  -2.11  MPa)  and  probably 
contributes  to  the  maintainence  of  leaf  cold  hardiness. 
Turgor  was  high  in  mature  leaves  (1.10  to  1.20  MPa),  but  low 
values  in  expanding  leaves  (0.3  MPa)  suggests  high  cell  wall 
plasticity  at  this  time.  The  hastening  of  senescence  through 
short  days  may  have  caused  the  marked  decrease  in  water 
potential  near  the  end  of  the  field  studies. 

Under  controlled  conditions,  leaf  water  potential  of 
Saxifraga  oppositifolia  was  in  the  same  range  as  Sal ix 
arctica.  Osmotic  potential  was  generally  between  -1.20  and 
-1.40  MPa,  and  turgor  remained  near  0.4  MPa  throughout  the 
study.  The  treatments  did  not  significantly  affect  the  water 
relations  of  Saxifraga  oppositifolia.  In  the  field,  leaf 
water  potentials  were  often  between  -1.0  and  -1.40  MPa.  The 
short  day  plants  had  much  lower  values  (<-1.80  MPa). 
Increased  root  resistance  and  decreased  stomatal  resistance 
may  have  been  the  cause. 
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I.  Introduction 


A.  Hardiness  in  Temperate,  Alpine  and  Arctic  Regions 

Winter  cold  tolerance  is  an  obvious  necessity  to  plants 
which  grow  in  the  High  Arctic.  Mean  air  temperatures  during 
January  and  February  are  generally  between  -30°  and  -35°C, 
with  minimum  air  temperatures  often  -45°  to  -50°C  (Savile 

1972,  Courtin  and  Labine  1977).  Although  extremely  low 
temperatures  do  not  often  occur  in  the  northern  temperate 
zone,  numerous  woody  species  in  this  area  are  capable  of 
surving  to  -50° C  and  below.  In  some  species,  immersion  in 
liquid  nitrogen  (-196°C)  is  tolerated  (Sakai  and  Weiser 

1973,  George  et  al.  1974).  These  results  suggest  that 
extreme  winter  cold  is  not  the  limiting  factor  which 
precludes  survival  in  the  Arctic,  and  that  the  structural 
and  biochemical  changes  required  for  low  temperature 
tolerance  are  not  unique  to  arctic  species. 

Similarly,  summer  cold  hardiness  in  arctic  plants, 
while  unquestionably  necessary  to  a  certain  degree,  is  not  a 
feature  required  from  only  far  northern  (or  southern) 
species.  High  mountain  plants,  most  notably  those  of  the 
afroalpine,  regularly  experience  diurnal  fluctuations  in 
temperature  which  are  often  greater  than  those  seen  by 
arctic  plants.  The  phrase  "summer  every  day,  winter  every 
night"  is  used  to  describe  the  afroalpine  environment  where 
daytime  air  temperatures  often  rise  to  >10°C  and  fall 
nightly  to  near  -5°C  (Hedberg  1964).  Leaf  and  soil 
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temperatures  range  much  higher  due  to  very  high  insolation. 
In  contrast,  continuous  illumination  at  low  sun  angles 
during  the  arctic  summer  results  in  a  reduced  diurnal 
fluctuation  of  air  temperature  (ca.  <10°C).  Throughout  the 
growing  season  air  (and  leaf)  temperatures  rarely  fall  below 
0°C  (Warren  Wilson  1957,  Courtin  and  Labine  1977) 

No  determinations  of  cold  hardiness  of  afroalpine 
species  have  been  made.  A  variety  of  alpine  species  from 
Japan  were  tested  for  summer  cold  tolerance  and  most  showed 
slight  damage  to  leaves  between  -5°  and  -7°C.  On  Vaccinium 
v it  is- i daea ,  Rhododendron  aureum ,  Sal ix  pauc i f 1  ora  a nd 
Diappensia  lapponica,  leaves  were  completely  Killed  between 
-9°  and  -12°C,  and  the  same  occurred  in  Ledum  palustre  at 
-7°C.  Stems  of  the  same  species  were  only  slightly  more  cold 
hardy  (SaKai  and  Otsuka  1970).  KainmOller  (1975),  working  in 
the  Karwendel  mountains,  reported  heavy  damage  to  the  summer 
1  eaves  of  Sax i fraga  oppos it  if ol i a,  Si  1 ene  acau 1  is,  Carex 
firma  and  Soldanel 1  a  alpina  at  temperatures  from  -6°  to 
-8°C.  Buds  of  Saxi fraga  and  Silene  were  frost  tolerant  to 
between  -10°  and  -15°C,  and  the  rhizomes  were  killed  at  -20° 
to  -25°C.  Ulmer  (1937  in  Biebl  1968)  reported  alpine  herbs 
and  dwarf  shrubs  to  be  frost  hardy  to  between  -3°  and  -6°C 
during  the  summer.  Similarly,  Pisek  and  Schiessel  (1947  in 
Biebl  1968)  found  values  for  conifers  and  dwarf  shrubs  at 
timber  line  to  be  between  -3°  and  -5cC. 

A  limited  amount  of  investigation  into  the  summer 
coldhardi ness  of  arctic  plants  has  shown  lethal  temperatures 
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to  be  very  similar  to  those  of  alpine  species.  Biebl  (1968) 
reported  on  the  July  frost  tolerance  of  20  arctic  species 
from  Godhavn,  West  Greenland  (69°  N)  and  found  the  leaves  of 
most  species  to  be  Killed  or  greatly  damaged  between  -5°  and 
-10°C.  Sal ix  glauca  and  Vaccinium  ul ig i nosum  did  not  survive 
-6°C,  while  Dryas  i ntegrifol ia  and  Betula  nana  were  Killed 
at  -8°C.  Empetrum  her maphrod i turn ,  Diappensia  lapponica  and 
Saxifraga  caespitosa  were  undamaged  at  -8°C  but  Killed  at  or 
above  -12°C.  In  another  worK,  SaKai  noted  that  Sal ix 
rotund  if ol ia  from  Barrow,  AlasKa  (71  °N)  could  resist 
freezing  injury  to  only  -5°C  in  late  July  (SaKai  and  OtsuKa 
1970).  All  the  above  studies  suggest  that  there  is  no 
fundamental  difference  between  arctic  and  alpine  species 
with  respect  to  the  level  of  summer  cold  hardiness  attained 
by  the  plants.  Most  of  the  minor  discrepancies  between 
studies  can  probably  be  accounted  for  by  differences  in 
hardiness  assessment  techniques. 

The  singular  problem  confronting  arctic  plants,  then, 
is  not  in  the  attainment  of  unusual  degrees  of  winter  or 
summer  cold  hardiness.  Rather  it  is  in  maKing  the  transition 
from  summer  activity  to  winter  dormancy  under  the  unique 
arctic  conditions.  A  brief  review  of  the  cold  acclimation 
processes  of  temperate  plants  will  a  provide  a  bacKground 
for  comparison. 
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B.  Cold  Acclimation  Mechanism  -  A  Working  Model 

A  model  of  cold  acclimation  for  deciduous  woody  plants 
was  put  forth  by  Weiser  (1970),  based  largely  on  work  with 
Cornus  stolon  if era,  and  it  has  received  relatively  good 
support  to  the  present  time  (Li  et  al .  1965,  Hurst  et  al. 
1967,  van  Huystee  et  al.  1967,  Fuchigami  et  al.  1971b, 
McKenzie  et  al.  1974a, b,c,  Chen  et  al.  1975,  Chen  and  Li 
1977,  Harrison  et  al.  1978a).  Weiser  postulated  a  two  stage 
process  of  acclimation.  The  first  stage  involves  a 
photoper iodi c  stimulus  received  at  above  freezing 
temperatures  for  a  few  weeks  which  induces  a  limited  degree 
of  hardiness.  This  is  followed  by  periods  of  frost  or  low 
temperature  to  attain  the  final  hardiness  level. 

Increasingly  low  temperatures  can  often  increase  the  degree 
of  hardiness  induced  by  this  second  stage  of  acclimation. 

Short  days  (8-9  h  light/16-15  h  darkness)  are  the  first 
stage  of  acclimation.  Short  days  (SD)  alone  were  found  to 
increase  cold  hardiness  in  C.  stolon  if era  from  -3°  to  -17°C 
(Harrison  et  al.  1978a).  Despite  previous  reports  of  the 
necessity  of  growth  cessation  or  bud  dormancy  before  any 
cold  acclimation  can  occur  (van  Huystee  et  al.  1967, 
Fuchigami  1971b),  Harrison  et  al.  (1978a)  showed  that  a 
significant  increase  in  hardiness  through  SD  induction  was 
possible  at  any  time  during  the  growing  season.  Similarly, 
bud  dormancy  was  not  found  to  be  a  prerequisite  to  SD 
induced  hardening  in  Acer  negundo  and  Viburnum  pi icatum 
(Irving  and  Lanphear  1967a).  However,  growth  cessation,  if 
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not  necessary  in  all  species,  is  still  thought  to  be  closely 
correlated  with  the  ability  to  harden  (e.g.  Levitt  1972). 

Later  work  implicated  phytochrome  as  the  pigment  system 
mediating,  through  the  leaves,  the  hardiness  increase  which 
occurs  in  the  stem  (Williams  et  al.  1972,  McKenzie  et  al. 
1974a).  Production  of  trans locatable  hardiness  inhibitors  by 
long  day  leaves  (Irving  and  Lanphear  1967b)  or  hardiness 
promoters  by  short  day  leaves  (Fuchigami  et  al.  1971a, 

Howell  and  Weiser  1970)  has  been  suggested  to  be  at  least 
partially  responsible  for  the  increase  in  stem  hardiness 
(Weiser  1970).  Presumably  a  light  activated  shift  in  the 
proportion  of  Pfr1  to  Ptot2  initiates  the  production  of 
these  factors.  A  photosynthetic  role  for  light  during  the 
hardening  process  has  been  suggested  (e.g.  Alden  and  Hermann 
1971),  but  is  probably  linked  more  to  the  necessity  for 
maintaining  photosynthetic  reserves  to  power  the  metabolic 
processes  known  to  occur  during  hardening  than  to  the  need 
for  photosynthesis  per  se. 

Without  a  subsequent  decrease  in  temperature,  the 
degree  of  hardiness  induced  by  short  days  will  not  increase. 
The  second  stage  of  acclimation  involves  low  temperatures 
(-5°  to  +5°C)  lasting  from  several  days  to  weeks  (Larcher  et 
al.  1973).  Under  natural  conditions  the  occurrence  of  below 
freezing  minimum  temperatures  is  often  well  correlated  with 
a  sharp  increase  in  hardiness  (Tumanov  and  Krasavtsev  1959, 
van  Huystee  et  al.  1967,  Howell  and  Weiser  1970,  Harrison  et 

!pfr:  amount  of  phytochrome  in  the  far-red  absorbing  form. 

2 Ptot:  total  amount  of  phytochrome. 
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al.  1978a).  Most  workers  expose  the  test  plants  to  slightly 
below  freezing  temperatures  (-2°  to  -5°C)  for  short  periods 
of  time  (1-2  h)  per  day  to  obtain  an  increase  in  hardiness 
(McKenzie  et  al .  1974a,  Wilkinson  1977,  Harrison  et  al. 
1978a),  though  a  subfreezing  period  may  not  necessarily  be 
required  (Sakai  1966,  Howell  and  Weiser  1970).  More 
important  than  a  freezing  period  may  be  the  degree  of 
difference  between  the  current  environmental  temperature  and 
the  hardening  temperature  (Sakai  1966,  Chen  and  Li  1978). 

The  final  degree  of  hardiness  attained  through  low 
temperature  acclimation  varies  with  the  species,  ranging  for 
temperate  species  from  -35° C  in  Cercis  canadensis  (George  et 
al.  1974)  to  -  1 96  °  C  in  C.  stolon  if era,  Sal ix  spp. ,  Populus 
nigra  and  others  (Sakai  1966,  Sakai  1970,  Sakai  1973,  Sakai 
and  Weiser  1973,  Harrison  et  al.  1978a).  In  the  attainment 
of  high  degrees  of  cold  resistance  the  rate  of  cooling  is 
important,  and  deeper  levels  of  resistance  have  been 
attained  in  woody  species  hardened  under  conditions  of 
controlled  cooling  than  under  field  conditions  (Tumanov  and 
Krasavtsev  1 959  )  . 

There  are  exceptions  to  and  constraints  upon  the 
general  application  of  Weiser' s  (1970)  model  as  outlined 
above.  Hardiness  can  be  increased  by  water  stress  (Alden  and 
Hermann  1971,  Wi ldung  et  al .  1973,  Chen  et  al.  1975,  Chen  et 
al.  1977,  Chen  and  Li  1978),  and  by  low  temperature  alone 
(Krasavtsev  1969,  Howell  and  Weiser  1970,  Gusta  and  Weiser 
1972,  Irving  and  Lanphear  1967a).  Chen  and  Li  (1978)  have 
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shown  the  combined  effects  of  short  days,  low  temperatures 
and  water  stress  to  be  additive  in  increasing  the  hardiness 
of  C.  stolon  if era  seedlings.  Other  evidence  suggests  that 
while  acclimation  is  most  rapid  when  short  days  are  followed 
by  frost,  low  temperatures  alone,  over  a  longer  time  period, 
can  induce  the  same  level  of  hardiness  (Howell  and  Weiser 
1970) . 

The  inability  to  harden  plants  at  any  time  during  the 
year,  as  well  as  the  tendency  for  some  plants  to  acclimate 
at  the  end  of  the  season  under  noninductive  conditions  (long 
days,  warm  temperatures),  has  led  to  the  speculation  that 
endogenous  rhythms  are  involved  (Siminovitch  et  al.  1967, 
Schwarz  1970,  Weiser  1970,  Levitt  1972).  Cornus  stolon  if era 
could  not  be  acclimated  early  in  the  growing  season  (van 
Huystee  et  al.  1967)  and  Levitt  (1972)  suggested  that 
freezing  tolerance  was  inversely  related  to  development. 
Later  work  with  C.  stolon  if era  showed  that  the  frost 
induction  stage  of  acclimation  could  not  increase  hardiness 
to  below  that  obtained  with  short  days  until  later  in  the 
growing  period  (Harrison  et  al .  1978a).  Their  results 
support  earlier  contentions  that  endogenous  rhythms 
influence  the  physiologic  state  of  the  plant  and  its 
response  to  potentially  inductive  daylengths  and 
temperatures  (McKenzie  et  al.  1974a). 

On  the  other  hand,  an  endogenously  controlled  hardiness 
increase  in  the  absence  of  external  stimuli  appears  to  occur 
in  some  species.  Apple  plants  under  long  days  and  warm 
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temperatures  increased  slightly  in  frost  tolerance  at  the 
end  of  the  normal  season  (for  field  plants)  (Howell  and 
Weiser  1970).  Pinus  cembra  and  Rhododendron  ferruginum  under 
constant  warm  temperatures  and  natural  light  conditions 
showed  seasonal  variation  in  hardiness  comparable  to  field 
plants.  A  second  year  of  the  same  treatment  resulted  in  a 
reduced  amplitude  of  freezing  tolerance.  Under  constant 
short  days  the  plants  maintained  a  high  resistance  to  low 
temperature  damage  throughout  the  year  (Schwarz  1970). 

Only  a  few  of  the  numerous  physiological  changes 
involved  in  the  cold  acclimation  of  a  plant  or  cell  are 
relevant  here.  The  nature  of  the  biochemical  mechanisms  of 
freezing  injury  and  frost  resistance  have  been  recently 
reviewed  by  a  number  of  workers  (Siminovitch  et  al.  1967, 
Mazur  1969,  Weiser  1970,  Alden  and  Hermann  1971,  Levitt 
1972,  Heber  and  Santarius  1973,  Burke  et  al.  1976,  Heber  and 
Santar i us  1976) . 

An  increase  in  solute  concentration,  especially  sugars, 
has  in  many  cases  been  correlated  with  an  increase  in  cold 
hardiness  (e.g.  Levitt  1956  in  Levitt  1972,  Sakai  1962  in 
Sakai  and  Yoshida  1968,  Alden  and  Hermann  1971,  Sakai  and 
Yoshida  1968,  Heber  and  Santarius  1973).  In  this  regard,  it 
is  interesting  to  note  that  subarctic  populations  of 
Dactyl  is  glomerata,  from  Norway,  had  significantly  higher 
fructosan  levels  in  the  leaf  sheaths  than  Portugal 
populations  (Eagles  1967).  This  may  be  related  to  the 
greater  cold  resistance  in  the  northern  populations  (Cooper 
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1964).  Other  compounds  such  as  proteins  and  amino  acids 
(especially  proline)  have  been  implicated  as  cryoprotectants 
on  occasion,  but  results  have  not  been  consistently 
correlative  with  hardiness  (e.g.  Yoshida  and  Sakai  1968, 
Levitt  1972). 


The  ability  to  survive  dehydration  is  necessary  for  any 
cold  hardy  tissue.  Freeze-dehydration  occurs  when,  during 
the  temperature  decrease,  intercel lular  water  freezes  first, 
resulting  in  a  decreased  vapor  pressure  outside  the  cell  and 
subsequent  diffusion  of  the  intracellular  water  down  the 
water  potential  gradient  and  through  the  cell  membrane  to 
freeze  in  the  intercellular  spaces  (see  Levitt  1972). 
Intercellular  water  freezes  first  because  of  lower  solute 
concentrations.  The  loss  of  intracellular  water  increases 
the  solute  concentration  resulting  in  a  decreased  vapor 
pressure  which,  as  water  continues  to  leave,  eventually 
comes  into  equilibrium  with  the  vapor  pressure  of  the 
intercellular  ice.  The  final  degree  of  dehydration  is 
dependent  on  the  temperature  and  the  water  binding 
properties  of  the  cell  constituents. 

A  few  studies  have  found  a  decrease  in  water  potential 
and/or  water  content  in  woody  species  undergoing  cold 
acclimation.  In  light  of  the  freeze-dehydration  phenomenon 
this  is  not  unexpected.  However,  it  is  the  short  day 
treatment  which  causes  the  initial  change  in  water 
relations,  not  freezing  temperatures.  Linder  short  days, 
which  induced  the  first  stage  of  cold  acclimation,  the  stem 
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water  content  and  leaf  water  potential  decreased  and  root 
resistance  increased  in  C.  stolon  if era  (McKenzie  et  al. 
1974b,  Parsons  1978).  Similarly,  in  Ledum  groenl and icum  a 
decrease  in  relative  water  content  and  water  potential  of 
the  evergreen  leaves  resulted  under  a  short  day/night  frost 
regime  (Wilkinson  1977).  Possibly,  short  days  induce  the 
production  or  release  of  a  trans locatable  factor  (hormone) 
which  results  in  the  change  in  water  relations  seen  in  these 
studies  (McKenzie  et  al.  1974b). 


C.  The  Problem  and  Approach 

The  above  brief  review  of  the  cold  acclimation  process 
allows  arctic  conditions  and  plants  to  be  viewed  in  the 
context  of  temperate  plant  responses  to  the  temperate 
environment.  The  major  difference  between  the  two  areas  with 
respect  to  Weiser's  (1970)  two  stage  cold  acclimation  model 
is  the  absence  of  the  short  day  photoperiod  during  the 
period  of  dormancy  and  hardening  in  the  Arctic.  This 
obviously  precludes  the  use  of  a  shortened  day  for  the 
induction  of  the  first  stage  of  cold  acclimation.  Although 
at  lower  arctic  latitudes  a  shortened  day  (relative  to  the 
continuous  light  which  normally  prevails)  may, 
theoretically,  be  used  as  a  cue  by  plants,  no  such 
conditions  occurred  at  the  site  of  the  present  study. 

At  a  latitude  of  75°33'N,  Truelove  Lowland  sees  the  sun 
continuously  above  the  horizon  between  29  April  and  17 
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August  (Whitfield,  unpub.  data).  Between  this  period  the 
growing  season  on  Truelove  comes  and  goes.  Svoboda  (1977) 
reported  the  actual  growing  season  (break  of  dormancy  to  50% 
leaf  coloration)  of  raised  beach  communities  over  a  3  year 
period  (1970-1972)  to  be  60  days  at  the  longest,  occurring 
between  20  June  and  18  August.  Since  at  least  one  week  (Chen 
and  Li  1978)  and  generally  two  or  more  weeks  (Harrison  et 
al.  1978a)  are  required  for  the  effects  of  short  days  to 
become  manifest,  it  is  apparent  that  continuous  light  would 
still  be  present  at  the  time  necessary  to  induce  hardiness 
and  dormancy  by  mid-August. 

A  second  difference  between  temperate  and  arctic 
conditions  is  the  presence  during  the  arctic  summer  of 
temperatures  low  enough  to  possibly  serve  as  the  low 
temperature  condition  for  the  second  stage  of  acclimation. 
Although  air  temperature  does  not  regularly  fall  below  0°C, 
it  can  do  so  at  any  time  during  the  season.  Most  often  air 
temperatures  are  between  0°  and  5°C,  with  plant  and  air 
temperatures  very  similar  on  overcast  days.  If  arctic  plants 
required  the  same  magnitude  of  temperature  difference 
between  normal  growing  temperatures  and  hardiness  inducing 
temperatures  as  temperate  species  do  during  active  growth 
(ca.  1 0 -  1 5  °  C ) ,  the  plants  on  Truelove  would  be  waiting  until 
early  to  mid-September,  when  temperatures  are  ca .  -5°  to 
-10°C,  before  becoming  dormant.  That  this  does  not  happen 
indicates  that  dormancy,  and  presumably  some  degree  of  cold 
hardening,  occurs  at  near  normal  growing  temperatures .  It  is 
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possible  that  only  a  slight  increase  above  the  regular 
summer  hardiness  occurs  at  this  time  (dormancy)  and  deeper 
levels  come  about  as  the  temperature  drops.  Conversely,  a 
very  large  increase  in  hardiness  may  be  coincident  with  the 
onset  of  dormancy,  with  only  deeper  levels  induced  by 
extremely  low  (e.g.  -50°C)  temperatures. 

Although  Weiser's  (1970)  model  may  not  be  applicable  to 
arctic  plants  in  its  classical  form,  the  same  mechanisms  may 
be  operating  in  different  ways.  The  phytochrome-mediated 
increase  in  hardiness  has  been  implicated  in  some  species  to 
be  triggered  by  short  days  (McKenzie  et  al.  1974a,  Williams 
et  al.  1972),  and  could  conceivably  arise  instead  through  a 
shift  in  the  red(660  nm) : far-red( 730  nm)  ratio  (i.e.  zeta) 
of  the  incident  light.  A  concomittant  shift  in  the  Pfr:Ptot 
ratio  (0)  of  the  tissue  would  then  initiate  the  same 
responses  as  done  by  short  days. 

McKenzie  et  al.  (1974a)  suggested  a  change  in  zeta  as  a 
possible  cue  for  hardiness  induction  in  Cornus  stolon  if era . 
Holmes  and  Smith  (1975,  1977a, b)  first  demonstrated  (through 
actual  measurements)  that  the  daily  shift  in  magnitude  of 
zeta,  from  sunrise  to  sunset,  was  potentially  large  enough 
be  used  by  the  plant  in  photoper iodic  timing.  Recent  work  in 
plant  growth  and  development  has  shown  that  plants  can 
indeed  respond  in  a  measurable  way  to  simulations  of 
naturally  occurring  zeta  ratios  (Morgan  and  Smith  1976, 

1978,  1979). 

In  light  of  the  above  information  the  following 
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objectives  were  proposed: 

1.  To  elucidate  the  nature  and  mode  of  the  environmental 
cues  (if  any)  involved  in  the  cold  acclimation  of  two 
high  arctic  species  with  two  different  growth 
strategies . 

2.  To  determine  to  what  degree  these  plants  are  cold  hardy, 
both  during  the  growing  season  and  during  dormancy. 

3.  To  examine  leaf  water  potential  in  relation  to  hardiness 
and  the  arctic  environment  in  general. 

Sal ix  arctica  Pall,  was  of  interest  since  it  is  one  of 
the  few  woody  deciduous  species  in  the  High  Arctic,  and  has 
one  of  the  widest  tolerance  ranges  of  all  arctic  species 
(Svoboda  1977).  It  provided  an  example  of  a  plant  with  a 
unique  growth  strategy  for  the  area  and  could  be  directly 
compared  with  woody  deciduous  temperate  plnats  for  which 
phytochrome-mediated  control  of  cold  acclimation  has  already 
been  implicated. 

Saxifraga  oppositifolia  L.,  in  contrast  to  Sal ix 
arctica,  is  an  ubiquitous  winter  green  chameophyte  of  arctic 
and  alpine  areas.  It  is  often  the  first  species  to  break 
dormancy  and  flower  at  melt  out. 

The  basic  approach  was  to  alter  the  radiation 
environments  of  field  plants  in  situ  in  an  attempt  to  induce 
premature  hardiness  and/or  dormancy.  An  environment  of 
reduced  red  light,  resulting  in  a  low  zeta,  was  created  for 
one  set  of  plants  to  simulate  the  spectral  energy 
distribution  which  naturally  occurs  at  low  sun  angles  (e.g. 
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Holmes  and  Smith  1977a).  If  plants  were  receptive  to  a 
marked  decrease  in  zeta,  which  might  normally  occur  near  the 
end  of  the  season  as-  the  sun  approaches  the  horizon,  this 
treatment  could  induce  hardiness  earlier  than  that  which 
occurs  in  the  controls. 

Mayo  et  al.  (1977)  suggested  that  seasonal  changes  in 
blue  light  might  trigger  physiological  changes  in  arctic 
species.  Johnson  and  Salisbury  (1967)  found  a  marked 
decrease  in  the  red:blue  light  ratio  at  sunset.  Therefore,  a 
blue  poor  regime  was  established  to  check  if  onset  of 
hardiness  might  depend  on  the  detection  of  changes  in  the 
red: blue  ratio. 

Biebl  (1967)  artificially  darkened  arctic  plants  during 
the  summer  to  simulate  8  h  days,  and  demonstrated  a  slight 
hardiness  increase  in  Betula  nana  leaves.  A  third  treatment, 
short  days,  was  established  to  test  for  the  same  response  in 
the  present  two  species.  Also,  the  treatment  allowed  the 
response  of  the  study  plants  to  be  compared  to  the  well- 
known  effects  of  short  days  on  temperate  woody  species. 

To  allow  the  separation  of  any  phytochrome-mediated 
effects  from  those  resulting  from  reduced  photosynthesis  and 
possibly  starvation,  a  neutral  density  filter  was  used  over 
one  set  of  plants  which  passed  all  wavelengths  equally,  but 
reduced  total  PAR3  by  approximately  the  same  amount  as  the 
other  filter  treatments. 

Through  the  above  approach  it  was  hoped  that  a  better 


3PAR:  photosynthetical ly  active  radiation  (400-700  nm) . 
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understanding  of  cold  acclimation  in  arctic  regions  would  be 
gained . 
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II.  Materials  and  Methods 


A.  Plant  materials 

Sal ix  arctica  Pall,  and  Saxifraga  oppositifolia  L.  were 
obtained  from  Truelove  Lowland,  Devon  Island,  NWT  (75°33'N, 
84°40'W)  during  the  summers  of  1978  and  1979  for  use  in  both 
the  field  and  controlled  environment  aspects  of  this  study. 

The  plants  used  during  the  1978  season  were  located 
along  the  cushion  plant-moss  community  as  described  by  Muc 
and  Bliss  (1977).  Saxifrage  brought  back  to  the  University 
of  Alberta  for  controlled  environment  work,  was  obtained 
from  the  same  area,  while  willow  was  collected  from  the 
immediately  adjacent  hummocky  sedge-moss  meadow  (Muc  and 
Bliss  1977).  Where  possible,  the  original  soil  was  retained 
with  the  plant,  and  sterile  sand  was  added  supplemental ly  . 

After  transport  to  the  University  of  Alberta,  the 
potted  plants  were  immediately  placed  into  a  +3°C  chamber 
with  continuous  darkness,  while  a  hardening  off  regime  was 
prepared.  After  6  days,  the  plants  were  transferred  to  a 
controlled  environment  chamber  (Environmental  Growth 
Chambers)  and  maintained  under  5°C  for  8  h  and  -1°C  for  16  h 
d_1.  An  8  h  photoperiod  was  given  with  the  5°C  temperature 
period.  The  plants  were  removed  after  12  d  to  a  continuous 
-4°  C  regime  in  darkness,  and  one  month  later  transferred  to 
a  -10°C  continuous  darkness  chamber  until  dehardening  6.5 
mon  later . 
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Plant  material  collected  in  1979  was  obtained  from 
within  and  around  the  study  site  of  1978. 

B.  General  Materials  and  Methods 
1.  Cold  hardiness  technique 

a.  Temperature  stress. 

Leafy  stem  sections  of  Sal ix  arctica  and  shoot  tips  of 
Saxifraga  oppositifolia  were  tested  for  cold  hardiness  by 
subjection  to  a  gradual  lowering  of  tissue  temperature  at  a 
rate  of  4°C  h-1.  Tissue  samples  from  both  species  were 
separately  wrapped  in  moist  cheesecloth  to  prevent 
supercooling,  and  further  sealed  in  aluminum  foil  to  avoid 
dehydration  (McKenzie  and  Weiser  1975).  Fine  wire 
thermocouples  (ca.  0 . 3  mm  diameter)  were  wrapped  with 
samples  to  monitor  changes  in  temperature.  Each  aluminum 
wrapped  packet  was  placed  in  a  separate  20  x  150  mm  test 
tube  which  was  immersed  in  a  5°C  ethanol -fi 1  led  Haake  FK2 
temperature  circulator  (Haake  Inc.).  Power  was  supplied  by 
an  Onan  5  kW  diesel  generator.  The  1979  material  was 
stressed  using  a  Polytemp  model  90C  temperature  circulator 
(Polyscience  Corp. ) .  The  bath  temperature  was  lowered 
through  a  motor  driven  gear  assembly  which  provided  a  steady 
decrease  in  tissue  temperature  of  4°C  h_1.  At  5°  increments, 
one  sample  of  each  species  was  removed  after  being  held  at 
the  desired  temperature  for  at  least  5  min,  and  immediately 
placed  in  a  cool  environment  (3-7°C)  to  thaw  for  20  to  24  h. 
The  range  of  temperature  stress  using  the  bath  was  between 


. 


' 


18 


+5  and  -45#C. 

b.  Stress  evaluation. 

Survival  temperature  and,  therefore,  cold  hardiness  of 

the  tissue  was  determined  by  applying  a  modification  of  the 

technique  developed  by  Steponkus  and  Lanphear  (1967).  Tissue 

samples  from  each  stress  temperature,  weighing  50±5  mg,  were 

placed  in  18  x  150  mm  test  tubes,  and  3  ml  of  0.6%  (w/v) 

triphenyl  tetrazolium  chloride  (TTC)  in  0.05M  Na~HP0  -KH  P0 

Z  A  Z  A 

buffer  (pH  7.4)  +  0.05%  (v/v)  wetting  agent  (Triton  X)  were 
added.  Willow  stem  sections  were  cut  to  2  cm  or  less  and  the 
outer  bark  slit  when  determined  to  be  necessary  to  allow 
solution  infiltration.  Whole  leaves  and  leaf  sections  of 
Sal ix  and  the  shoot  tips  of  Saxifraga  were  used  to  test 
non-woody  material.  After  infiltration  under  vacuum  for  5-10 
minutes,  the  tissue  was  incubated  at  30°C  for  15  h.  The  TTC 
solution  was  drained  off,  the  tissue  rinsed  once  in 
distilled  water  and  7  ml  of  95%  (v/v)  ethanol  were  added. 

The  reduced  dye  was  extracted  by  boiling  leaf  tissue  for  5 
minutes  and  woody  material  for  10  minutes.  After  cooling, 
each  sample  was  brought  to  10  ml  with  95%  ethanol  and  the 
absorbance  at  530  nm  was  measured  using  a  Spectronic  20 
spectrophotometer  (Bausch  and  Lomb).  The  above  techniques 
were  identical  for  both  controlled  environment  and  field 
si tuat ions . 

The  absorbance  at  each  temperature  treatment  was 
expressed  as  a  percentage  of  the  absorbance  of  the  control 
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(either  5  or  0°C)  and  plotted  as  a  function  of  temperature 
(Fig.  1).  To  correlate  TTC  reduction  with  Killing 
temperature,  Sal ix  stem  sections  (with  attached  leaves)  and 
Saxifraga  from  each  stress  temperature  were  placed  in 
sterile  sand  on  a  mist  bench,  and  survivorship  and  growth 
were  recorded  over  a  2  week  period.  These  correlation  tests 
were  conducted  subsequent  to  field  studies,  during  the 
controlled  environment  phase  of  the  study,  since  it  was 
impractical  to  carry  out  the  tests  in  the  field.  The 
Saxifraga  cuttings  were  first  treated  with  0.3  %IBA 
( 3- i ndoly lbutyr ic  acid),  and  both  species  were  watered 
periodically  with  one  quarter  strength  Hoagland's  solution 
(Hoag land  and  Arnon  1938  in  Salisbury  and  Ross  1978). 

The  results  of  the  correlation  tests  with  respect  to 
Sal ix  stem  tissue  are  shown  in  Fig.  2.  If  50%  or  more  of  the 
stressed  stem  sections  were  alive  after  4  weeks,  Sal ix  was 
considered  to  have  survived  that  temperature.  As  a  result, 
the  70%  absorbance  value  was  taken  to  correspond  with  50% 
shoot  survival,  and  it  was  from  this  value  that  the  survival 
temperature  was  interpolated  (Fig.  2). 

Some  of  the  anomalous  points  may  be  a  result  of 
differences  in  survival  temperature  between  first  year 
shoots,  and  older  woody  shoots.  This  distinction 
(differential  survival)  was  not  noted  until  later  in  the 
tests . 

The  attempts  to  correlate  TTC  reduction  in  Sal ix  leaf 
tissue  with  survival  of  the  leaves  attatched  to  the  stem 
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Fig.  1.  The  correlation  between  stress  temperature  and  the 
reduction  of  triphenyl  tetrazolium  chloride  (TTC)  by  Salix 
arctica  leaf  tissue.  TTC  reduction  is  expressed,  for  a  given 
sample,  as  the  percentage  absorbance  of  light  at  530  nm 
relative  to  the  control  sample  (5°C).  Vertical  bars  indicate 
standard  error  of  the  mean  (n=3).  The  lethal  temperature  for 
Salix  leaf  tissue  was  found  to  be  correlated  with  the  50% 
absorbancy  value,  which  in  this  case  occurred  at  -8.4’C.  The 
above  test  was  conducted  17  July  1978. 
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ABSORBANCE  AT  530 nm  AS  PERCENTAGE  OF  CONTROL  (O'C) 
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Fig.  2.  Correlation  between  the  pos t - f reezi ng  survival  of 
Sal ix  arctica  stem  tissue  after  2  weeks  in  moist  sand  and 
the  percentage  reduction  of  TTC. 
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sections  were  unsuccessful.  In  all  but  one  case,  the  leaves 
abscissed  soon  after  placement  in  the  sand,  including  leaves 
from  the  control  cuttings  (5°C).  In  the  latter  case,  the 
leaves  remained  somewhat  longer  than  those  stressed  to  lower 
temperatures,  but  still  abscissed  much  sooner  than  leaves 
from  the  same  stem  which  later  developed  from  buds  and  were 
retained  for  the  life  of  the  cutting.  For  this  reason,  a 
browning  test,  modelled  after  Davis  (1980),  was  used  as  the 
primary  standard  against  which  TTC  reduction  was  compared. 
This  test  was  considered  to  be  a  reliable  measure  of 
post- f reezi ng  survivorship  by  Stergios  and  Howell  (1973). 

For  this  method,  7  mm  diameter  leaf  disks  were  excised 
with  a  sharpened  cork  borer  from  previously  stressed  tissue, 
and  floated  on  full  strength  Hoagland's  solution  within  a  5 
cm  diameter  Petri  dish.  Ten  disks  were  used  from  each  stress 
temperature.  In  most  cases  the  remaining  portion  of  the  leaf 
was  then  used  for  the  TTC  test,  as  described  earlier.  After 
7  days,  dead  tissue  had  turned  a  dark  brownish-green,  while 
healthy  tissue  remained  as  green  as  the  unstressed  controls. 
The  disks  were  maintained  under  a  16  h/18°C:8  h/12°C 
temperature  regime,  at  a  continuous  illumination  of  ca.  40 
jjE  nr2s_1  PAR  (400-700  nm)  .  If  50%  or  more  of  the  disks  were 
alive  after  7  days,  the  leaves  were  considered  to  have 
survived  that  temperature.  These  results  were  paired  with 
the  corresponding  absorbance  values  from  the  TTC  test  to 
obtain  a  calibration  of  the  TTC  method  as  shown  in  Fig.  3. 

In  this  way  an  absorbance  value  correspond!- ng  to  an  LT  50 
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Fig.  3.  Correlation  between  pos t - f reezi ng  survival  of  Sal ix 
arctica  leaf  disks  after  one  week  in  Hoag  land's  solution  and 
the  percentage  reduction  of  TTC. 
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(temperature  at  which  50%  of  the  tissue  is  Killed)  was 
determined.  Fig.  3  shows  a  fairly  good  correlation  between 
the  60%  reduction  value  and  50%  or  more  survival  of  leaf 
disks  after  one  week.  Tissue  with  absorbance  values  greater 
than  60%  of  the  control  generally  survived  the  effects  of 
the  cold  treatment  for  at  least  a  week,  while  those  with 
values  below  60%  were  viable  at  the  time  of  the  assay,  but 
died  during  the  following  week.  Thus,  the  60%  reduction 
value  was  taken  as  the  killing  point  of  Sal ix  leaf  tissue. 

Saxifraga  was  able  to  be  rooted  much  in  the  same  way  as 
Sal ix  stem  sections.  Fig.  4  shows  the  results  of  the 
TTC-rooting  correlation  tests.  The  60%  reduction  value  was 
chosen  to  correspond  with  post - f reezi ng  survival  of  50%  of 
the  cuttings  after  2  weeks.  The  results  of  this  correlation 
test  were  not  as  conclusive  as  desired.  During  sampling  only 
the  terminal  bud  and  surrounding  live  leaves  were  used  in 
the  TTC  test,  while  survivorship  of  the  cuttings  was  assesed 
by  evidence  of  any  sign  of  new  growth  from  the  shoot  or 
maintainence  of  health  of  the  terminal  bud.  Flence,  the  same 
shoots  were  not  sampled  for  the  TTC  and  rooting  tests.  In 
some  cases,  when  the  terminal  bud  of  the  cutting  died, 
axillary  buds  grew  and  the  cutting  was  considered  alive. 
There  is  evidence  from  previous  work  (Kainmdller  1975, 
Larcher  1975)  that  cold  hardiness  varies  between  organs  of 
Saxifraga  oppositifolia.  Thus,  some  problems  can  be  expected 
when  a  sample  of  one  portion  of  the  shoot  is  used  as  an 
indicator  of  total  above  ground  cold  hardiness. 


ABSORBANCE  AT  530  nm  AS  PERCENTAGE  OF  CONTROL  (5'C) 
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Fig.  4.  Correlation  between  post - f reezi ng  survival  of 
Saxifraga  oppositifolia  stem  sections  after  2  weeks  in  moist 
sand  and  percentage  reduction  of  TTC. 
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2.  Water  relations 

a.  Thermocouple  psychrometry . 

Total  leaf  water  potential  (V^ )  and  the  component 
potentials  of  turgor  (V^)  and  combined  osmotic  and  matric 
(Vjs+V^n)  were  determined  using  Spanner-type  psychrometers 
modelled  after  Mayo  (1974).  A  Wescor  MJ55  psychrometr ic 
microvoltmeter  was  used  to  measure  peak  deflection  after  the 
application  of  a  20  s  8.0  ma  current.  One  5  mm  diameter 
Sal ix  leaf  disk  or  a  sample  of  2-3  individual  Saxifraga 
leaves  was  loaded  into  each  4.8  x  2  mm  sample  chamber  and 
placed  into  a  constant  temperature  bath  to  equilibrate  for  5 
or  6  h.  Under  field  conditions,  the  temperature  of  the 
equilibration  bath  ranged  between  5.0  and  12.5°C,  with  the 
rate  of  temperature  change  occurring  very  slowly.  In 
controlled  environment  studies,  the  temperature  bath  varied 
slightly  about  20°C.  In  both  cases,  replicate  readings  were 
taken  30  min  apart  until  two  values  were  within  0.1  jjvolts 
in  agreement.  This  was  usually  acheived  within  three 
readings . 

During  the  controlled  environment  studies,  component 
potentials  were  obtained  by  tightly  wrapping  the  sample 
chambers  with  aluminum  foil  followed  by  immersion  into 
liquid  nitrogen  (-196°C)  for  10  minutes.  The  rapid  freezing 
and  thawing  destroys  membrane  integrity  and  the  pressure 
potential  (V^)  goes  to  zero.  After  rewarming,  the  chamber 
was  reloaded  into  the  psychrometer  and  allowed  to 
equilibrate  for  5-6  hours.  Sine e  =^S+V^+V^ ,  the  initial 
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cell  turgor  pressure  was  obtained  by  -  (^*S+V^)  ,  where  the 

combined  osmotic  and  matric  potential  (  t+v  )  obtained 

os  m 

through  the  freeze-thaw  treatment,  is  subtracted  from  the 
initial  total  water  potential  )  . 

C.  Field  Studies 
1 .  Site  descript  ion 

The  field  portion  of  this  study  was  conducted  during 
the  summer  of  1978  on  True  love  Lowland,  Devon  Island,  NWT 
( 7 5 °  3 3 ' N ,  84° 40' W ) ( F ig .  5).  The  43  Km2  lowland  is  bounded  on 
the  south  and  east  by  steep,  300  m  high  cliffs,  and  on  the 
north  and  west  by  ocean.  True  love  is  one  in  a  series  of 
north  coastal  lowlands,  all  of  which  resulted  from 
postglacial  rebound  after  ice  retreat.  Deglaciation  of 
Truelove  Lowland  occurred  about  9450  yr  B.P.  (Barr  1971), 
and  as  a  result  of  uplift,  shallow  lakes,  formed  by 
isolation  of  lagoons,  and  meadows  (filled  in  lakes)  are 
prevalent  today.  In  addition,  raised  beach  ridges  occur  in  a 
regular  sequence  across  the  lowland,  and  provide  much  drier 
habitats  due  to  their  composition  of  coarse  textured  sands 
and  gravels  and  slightly  higher  elevation  (1  to  >5  m) .  The 
ridges  also  impede  drainage  of  lakes  and  meadows  (Bliss 
1977).  Further  information  can  be  found  in  Bliss  (1977). 

Sedge-moss  meadows  comprise  41%  of  the  lowland,  while 
beach  ridges  total  11.4%.  It  is  within  these  areas  that 
Sal ix  arctica  and  Saxifraga  oppositifolia  are  most  commonly 
found.  Details  of  the  plant  communities  occurring  on  the 
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Fig.  5.  Location  of  (A)  the  1978  field  site,  (B)  Base  Camp 
and  (C)  the  I.B.P.  Intensive  Raised  Beach  site  on  Truelove 
Lowland,  Devon  Island. 
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lowland  can  be  found  in  Muc  and  Bliss  (1977).  Of  importance 
here,  is  only  how  the  distribution  of  the  two  species  is 
related  to  the  major  community  types.  Although,  Sal ix 
arctica  is  not  a  dominant  component  of  any  plant  community, 
it  is  found  commonly  throughout  the  lowland,  ranging  in 
habitat  from  scree  slopes  to  hummocky  sedge-moss  meadows.  In 
the  latter,  willow  is  commonly  limited  to  the  hummocks  which 
are  elevated  above  the  wetter  hollows.  Saxifraga 
oppositifolia  is  generally  absent  from  meadows  and  wetter 
areas,  but  is  very  common  in  cushion  plant-lichen  and 
cushion  plant-moss  communities  found  along  the  crests  and 
upper  to  lower  slopes  of  raised  beach  ridges.  Here  it  may 
codominate  with  Dryas  integrifolia,  and  Sal ix  arctica  is 
also  common  (Muc  and  Bliss  1977).  The  local  abundance  of 
Sal ix  and  Saxifraga  on  beach  ridge  slopes  made  these  areas  a 
natural  choice  for  the  study  of  the  two  species. 

The  study  site  was  0.7  km  SW  of  base  camp  (Fig.  5)  and 
located  along  the  midslope  and  slope  base  of  a  west-facing 
beach  ridge.  On  3  July,  plants  just  beginning  growth  were 
chosen  and  the  experimental  treatments  established.  Fifteen 
individuals  of  each  species  were  selected,  with  3  plants  of 
each  species  subjected  to  one  of  the  five  treatments.  The  30 
plants  were  spread  30  m  along  the  length  of  the  beach  ridge 
and  15  m  from  slope  base  to  midslope. 

2.  Experimental  treatments 

Three  types  of  light  filtering  regimes  were 
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established.  Fig.  6  presents  the  quantum  flux  density  as  a 
function  of  wavelength  for  the  two  regimes  which  altered 
light  quality.  There  is  a  relatively  steady  increase  in 
quantum  flux  in  unfiltered  sunlight  with  increasing 
wavelength,  and  the  red:far-red  ratio4  ( R : F R )  (660:730  nm) 
is  1.00.  The  red:blue  ratio  (660:450)  is  1.56.  Under  the  red 
colored  filter  (Cinetuf  #722  Deep  Amber,  Strand  Century) 
essentially  all  of  the  blue  light  (400-500  nm)  was 
eliminated,  while  a  R:FR  ratio  of  1.00  was  maintained. 
Between  400-730  nm,  transmittance  through  this  filter  was 
49%  of  full  sunlight.  This  was  termed  the  -blue  (minus  blue) 
treatment . 

The  -red  treatment  consisted  of  a  blue  filter  (Cinetuf 
#763  Pale  Blue)  which  passed  most  of  the  blue  light,  but 
significantly  decreased  the  R:FR  ratio  to  .62.  Transmittance 
was  59%  of  full  sunlight  between  400  and  730  nm.  A  QSM-2500 
quantaspect rometer  (Techtum  Instruments)  was  used  for  the 
quantum  flux  determinations  under  clear  sky  conditions  on  19 
May  1978  between  1400-1500  h  CST. 

A  third  regime  involved  the  use  of  two  layers  of 
cheesecloth  as  a  neutral  density  (ND)  filter.  This  resulted 
in  a  uniform  reduction  in  sunlight  transmittance  across  the 
visible  light  range,  with  a  total  transmittance  of  63%  of 
full  sunlight.  This  regime  was  established  in  the  attempt  to 
separate  any  phytochrome  mediated  effects  from  those 
resulting  from  reduced  photosynthesis. 

4zeta  will  be  used  throughout  when  referring  to  the 
red:far-red  ratio 
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Fig.  6.  Transmittance  char acter i st i cs  of  the  red  and  blue  filters  between  400-730 
nm.  The  percentage  of  total  radiation  transmitted  by  each  filter  is  given  in 
parentheses.  Full  sunlight  is  shown  for  comparison. 
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The  above  treatments  were  applied  by  placing  a  32  cm 
diameter  Plexiglass  dome  over  each  plant  with  each  dome 
receiving  an  external  layer  of  the  appropriate  filter 
material.  As  shown  in  Fig.  7,  a  single  sheet  of  the  Cinetuf 
filter  was  pressed  against  the  dome  surface  and  held  fast 
with  epoxy.  Each  dome  was  suspended  between  5-10  cm  above 
the  plant  to  allow  air  movement  and  to  reduce  the  greenhouse 
effect.  To  guard  against  unfiltered  light  penetration  at  low 
sun  angles,  side  shields  were  erected  where  necessary.  The 
neutral  density  filters  were  constructed  by  epoxying  2 
layers  of  cheesecloth  to  the  internal  dome  surface  to  avoid 
soilage  of  the  white  surface.  The  treatments  were  initiated 
2-3  July  1978. 

The  fourth  treatment  was  one  of  shortened  daylength 
(SD).  An  8:16  h  day:night  cycle  was  established  on  7  July 
1978  through  the  daily  covering  and  uncovering  of  the  plants 
at  1700  and  0900  h  CDT.  The  bucket  arrangement  shown  in  Fig. 
8  was  secured  using  metal  stakes  and  a  heavy  rock  on  top, 
and  insured  against  light  penetration.  The  large  foil 
covered  bucket  helped  avoid  internal  heat  buildup,  while  the 
black  surface  of  the  inner  bucket  reduced  internal 
reflections  of  any  penetrating  light. 

A  fifth  set  of  plants  served  as  a  control  and  were 
untreated,  but  sampled  as  often  as  the  other  plants.  The 
treatment  and  the  control  plants  were  situated  within  the 
site  as  shown  in  Fig.  9. 
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Fig.  7.  A  representative  Plexiglass  dome  and  color  filter 
used  to  alter  the  light  regime  of  the  underlying  plant.  The 
dome  was  raised  slightly  to  allow  air  movement,  and  side 
shields  were  erected  when  necessary  to  avoid  unfiltered 
light  penetration  at  low  sun  angles. 
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Fig.  8.  Bucket  arrangement  used  to  artificially  shorten 
days.  The  inner  small  black  pail  attenuated  internal  light 
reflections,  while  the  larger  foil  covered  pail  reduced  heat 
bui ldup . 
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Fig.  9.  Arrangement  of  treatments  within  the  study  site. 
White  dots  indicate  Saxifraga  oppositifolia  plants  and  white 
crosses  mark  Sal ix  arctica  plants.  Lines  associate  short  day 
plants  with  their  covers.  Upper  photo  taken  looking 
southeast;  lower  photo  is  towards  northwest. 
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3.  Phenology 

A  qualitative  record  of  plant  phenology  was  Kept  for 
all  treatments  during  the  1978  season.  Every  second  day  each 
plant  was  observed  and  the  following  features  were  noted 
when  applicable:  occurence  of  bud  break,  date  of  full  leaf 
expansion,  shoot  expansion,  anthesis,  leaf  senscence  and 
fruit  deve 1 opmen  t . 

Full  leaf  expansion  in  Sal ix  arctica  was  taken  to  be 
when  no  further  changes  in  leaf  size  were  evident.  With 
Saxifraga  oppositifolia,  extension  of  the  growing  shoot  tips 
occurred  after  the  tips  greened  up,  and  the  dates  of  both 
events  were  recorded.  Leaf  senescence,  for  both  species,  was 
defined  as  the  first  sign  of  leaf  yellowing.  Anthesis  in 
both  species  was  taken  to  be  when  anther  dehiscence  was 
evident  or,  in  the  case  of  Saxifraga ,  when  the  flowers  were 
fully  open.  Fruit  development  was  only  recorded  for  willow, 
and  was  defined  as  the  date  when  the  swelling  of  pistils 
began.  In  all  of  the  above,  the  average  date  for  each  event 
is  reported  based  on  the  three  replicates  per  treatment. 

4.  Environmental  measurements 

a.  Radiation. 

Total  incoming  shortwave  radiation  (280-2800  nm)  was 
recorded  between  3  July  and  21  August  1978  with  a  Robitzsch 
bimetallic  strip  actinograph  (Belfort  Instrument  Co.  Model 
51850).  To  obtain  information  on  the  relative  changes  in  red 
(660  nm) ,  far-red  (730  nm)  and  blue  (400-500  nm)  light 
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throughout  the  season  and  on  a  daily  basis,  three  special 
light  sensors  were  constructed.  All  were  designed  using  a 
cosine-corrected  sensor  head  with  a  diffusing  filter  as 
outlined  by  Kerr,  Thurtell  and  Tanner  (1967).  A  Sharp 
silicon  blue  cell  SBC-2020  (Sharp  Electronics  Corporation) 
with  maximum  sensitivity  around  560  nm  was  used  as  the 
primary  light  sensing  element.  To  obtain  a  narrow  waveband 
response  centered  in  the  red  portion  of  the  spectrum,  a 
narrow  band  interference  filter  with  a  nominal  peak 
transmittance  of  40%  at  664  nm  and  a  half  peak  height 
bandwidth  of  11  nm  was  placed  between  the  diffusing  disk  and 
silicon  blue  cell.  In  the  same  way,  a  far-red  sensor  was 
obtained  with  a  narrow  band  interference  filter  with  a  peak 
transmittance  of  40%  at  729  nm  and  a  half  peak  height 
bandwidth  of  9  nm.  The  blue  sensor  used  a  broad  band 
interference  filter  with  peak  transmittance  of  75%  at 
approximately  460  nm,  with  a  half  peak  height  bandwidth  of 
about  55  nm.  The  transmittance  characteristics  of  this 
filter  are  shown  in  Appendix  la.  All  three  interference 
filters  were  purchased  from  Rolyn  Optics  Co.  The  internal 
design  of  the  sensors  is  shown  in  Appendix  1b. 

A  quantum  sensor  (Lambda  Instruments  Corp.),  receptive 
to  the  400-700  nm  waveband,  was  used  to  obtain  spot  readings 
of  photosynthet ica 1 ly  active  radiation.  The  three 
specialized  light  sensors  were  also  used  on  a  spot  reading 
basis  throughout  the  season. 
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b.  Temperature,  humidity  and  precipitation. 

A  hair  element  type  hygrothermograph  (Belfort 
Instrument  Co.  Model  5-594),  placed  at  ground  level  within 
an  aluminum  louvered  shelter,  recorded  air  temperature  and 
humidity  at  the  study  site  on  a  continuous  basis  from  1  July 
to  21  August  1978.  Once  a  day  the  hygrothermograph  was 
calibrated  against  a  sling  psychrometer .  Precipitation  was 
recorded  at  base  camp,  0.7  Km  NE  of  the  study  site,  with  a 
Taylor  Clear-Vu  rain  gauge. 

Daily  monitoring  of  air,  leaf  and  soil  temperatures  of 
a  representative  plant  from  each  treatment,  for  both 
species,  was  conducted  throughout  the  season  to  determine 
whether  the  four  experimental  conditions  were  affecting  the 
mi croenvi ronment  of  the  test  plants  in  ways  other  than  the 
intended  shifts  in  light  quality,  intensity  or  duration. 

Soil  temperatures  at  0  and  -5  cm  were  measured  using 
thermocouples  (sensor  diameter  ca.  2. 5-3.0  mm).  The 
thermocouples  were  read  at  least  once  daily  with  a 
microvoltmeter  and  electronic  reference  junction  (Wescor 
Instruments  Model  MJ55).  At  the  same  time,  air  temperature 
10  cm  from  the  ground  surface  was  recorded  from  a 
thermocouple  (sensor  diameter  ca .  1.0- 1.5  mm)  shielded  from 
direct  radiation  by  a  whitened  aluminum  shield.  A  third  set 
of  thermocouples  was  used  to  measure  leaf  temperature.  Three 
thermocouples  (sensor  diameter  ca .  0.25-0.30  mm)  were 
connected  in  parallel  and  attached  to  three  different  leaves 
on  the  plant  to  obtain  an  average  leaf  temperature.  The  leaf 
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thermocouple  clips  were  modified  after  Fry  (1965)  and 
described  by  Addison  (1973).  The  soil,  air  and  leaf 
thermocouple  temperatures  were  all  recorded  within  a  few 
minutes  of  each  other  for  any  given  plant. 

c.  Wind. 

To  determine  the  effect  of  the  presence  of  the 
Plexiglass  domes  on  wind  velocity  at  the  plant  level,  a  hot 
wire  anemometer  ( Hast i ngs-Raydi st  Model  RB-1)  with  an 
omni-directional  probe  was  used  to  compare  dome  wind 
velocities  inside  and  outside  the  domes.  Ten  readings  were 
taken  10  s  apart  to  prevent  bias  during  periods  of  variable 
wind  speed.  The  tests  were  conducted  by  placing  the  probe 
beside  the  plant  under  the  dome  for  the  first  10  readings, 
and  at  the  same  level  outside  the  dome  for  another  10 
readings.  In  some  cases  the  outside  values  were  collected 
first.  The  distance  between  the  first  and  second  set  of 
readings  was  usually  between  30  and  40  cm.  In  the  few 
instances  where  the  wind  velocity  shifted  markedly  between 
the  two  sets  of  readings  resulting  in  an  obvious  difference 
between  the  data  sets  independent  of  the  dome  presence,  the 
sampling  was  repeated. 

d .  Soil. 

The  soil  was  described  by  Walker  and  Peters  (1977)  as  a 
Brunisolic  Static  Cryosol .  Soil  moisture  was  determined 
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gravi metr i ca 1 ly  on  a  weekly  basis,  both  under  and  beside  the 
treatment  domes  to  assess  the  effect  of  their  presence  on 
water  availability.  Domes  under  which  soil  sampling  occurred 
were  not  used  for  plant  sampling.  Because  of  the  stoniness 
of  this  soil,  the  larger  stones  and  pebbles  were  arbitrarily 
removed  before  the  final  soil  dry  weight  was  determined. 

This  was  done  to  avoid  unrepresentat i vely  low  values  which 
would  result  from  the  stones.  These  are  physiologically 
"dry"  areas  of  mass  and  volume  from  the  point  of  view  of 
utilization  by  the  plant.  The  sample  depths  ranged  between 
the  top  4  and  7  cm.  Samples  were  dried  at  ca.  90°C  for  ca. 

36  h. 

The  active  layer  was  measured  daily  until  depth 
exceeded  30  cm.  Since  the  study  site  was  located  between  the 
midslope  and  foot  of  a  beach  ridge,  the  daily  position  of 
the  receeding  snow  front  was  recorded  along  with  active 
layer  depth. 

5.  Sampling  frequency 

Successful  cold  hardiness  tests  were  conducted  in  the 
field  between  17  July  and  16  August  1978.  Sal ix  leaf  tissue 
from  all  treatments  was  sampled  weekly  throughout  this 
period,  and  stem  tissue  was  sampled  biweekly  from  31  July  to 
16  August.  Due  to  limited  amounts  of  plant  tissue,  Saxifraga 
was  only  sampled  three  times;  on  24  July  and  7  and  14 
August . 

Water  potential  of  Sal ix  and  Saxifraga  leaf  tissue  was 


41 


determined  every  3  to  7  days  from  between  4  July  and  17 
August.  A  single  Sal ix  leaf  disk,  or  sample  of  2  to  3 
Saxifraga  leaves  was  loaded  into  the  psychrometer  sample 
chambers,  sealed  and  returned  to  base  camp  to  equilibrate  in 
a  water  bath.  Four  samples  from  each  of  the  5  treatments 
were  taken  per  species.  Sampling  of  the  two  species  was  on 
alternate  days  due  to  a  limited  number  of  psychrometers . 


D.  Controlled  Environment  Studies 
1.  Experimental  treatments 

Characteristics  of  the  experimental  and  control  regimes 
are  shown  in  Table  1.  Sal ix  and  Saxifraga  plants  were 
dehardened  from  -10°C  by  4  days  at  -3°C  in  darkness, 
followed  by  3  days  at  1°C  and  continuous  illumination  (ca. 
200  juE  nrr2s_1).  All  plants  were  maintained  under  control 
conditions  (Table  1)  for  25  days  until  leaf  expansion  was 
completed  in  Salix.  Four  plants  of  each  species  were  then 
transferred  to  one  of  three  experimental  treatments.  Studies 
of  cold  hardiness  and  water  potential  were  conducted  with 
these  plants  for  35  days  and  subsequently  rehardened  and 
stored  at  -3°C. 

Fig.  10  shows  representative  spectra  from  each  of  the 
regimes.  For  the  control,  short  day  and  far-red  (day) 
regimes,  a  combination  of  cool  white  VHO  flourescent  lamps 
(1500  ma)  and  60  W  incandescent  bulbs  were  used  along  with 
400  W  high  pressure  sodium  lamps  and  400  W  metal  halide 


Table  1.  Characteristics  of  experimental  and  control  growth  regimes  used  In  the  laboratory  studies  of  Sal  lx  arctica  and 
Saxifraga  opposi t i f ol 1  a . 
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PAR:  photosynthet 1 ca 1 1 y  active  radiation  (400-700  nm) 
*  :  Indicates  isolated  extremes 
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lamps.  With  the  exception  of  flourescent  lights,  the  same 
lamp  types  were  used  in  the  frost  regime.  Incandescent  bulbs 
created  the  low  red:far-red  ratio  for  the  far-red  (night) 
condi t ions . 

2.  Sampling  frequency 

The  cold  hardiness  of  Sal ix  and  Saxifraga  was  tested  at 
2  week  intervals  for  4  weeks  before  beginning  the 
experimental  treatments.  Two  additional  tests  were  conducted 
during  the  treatment  period  before  rehardening  and  storage. 
Fresh  plant  material  from  near  the  1978  study  site  became 
available  at  this  time  and  3  cold  hardiness  tests  were 
conducted  before  rehardening.  These  latter  plants  were 
continuously  maintained  at  5°C  and  continuous  illumination. 

Water  potential  of  Sal ix  and  Saxifraga  was  monitored 
weekly  or  biweekly  during  the  2  month  period  of  plant 
activity.  A  minimum  of  4  samples  from  each  of  the  4 
treatments  was  taken  per  species.  Sampling  of  the  two 
species  alternated  because  of  a  limited  number  of 
psychrometers . 


III.  Results  and  Discussion 


A.  Environmental  Characterization  of  Field  Site 
1.  Radiation 

Figure  11  presents  five  day  means  of  the  seasonal 
variation  in  global  radiation  during  the  1978  field  season. 
In  comparison,  the  base  camp  data  from  1971-1973  (Courtin 
and  Labine,  unpublished  data)  indicate  that  the  available 
short  wave  radiation  in  1978  was  not  unlike  previous  years. 
As  the  season  progresses,  a  general  reduction  in  radiation 
is  evident  in  all  cases.  This  is  to  be  expected  past  the 
summer  solstice,  as  the  sun  occurs  increasingly  lower  in  the 
sky.  The  between  year  variation  is  largely  a  function  of 
cloud  cover,  which  in  turn  has  been  suggested  to  be 
dependent  on  time  of  snowmelt  over  the  land  and  the  breakup 
of  sea  ice  (Courtin  and  Labine  1977).  Even  with  the  expected 
yearly  variation  in  cloud  cover,  the  1978  season  fits  well 
among  the  results  of  the  previous  years.  The  tendency  toward 
slightly  lower  values  may  be  a  result  of  the  use  of  an 
Eppley  black  and  white  pyranometer  (Model  8-48)  in  the 
collection  of  the  1971-1973  data,  which  was  situated  at  the 
base  camp  (Courtin  and  Labine  1977)  0.7  km  from  the  1978 
field  site  (Fig.  5,  p.  28).  Although  the  distance  between 
the  sites  is  probably  insignificant,  the  Eppley  pyranometer 
is  more  sensitive  to  low  intensity  radiation  than  the 
actinograph  and  this  would  tend  to  result,  on  the  average, 
in  slightly  higher  amounts  of  recorded  shortwave  radiation. 
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Taking  this  into  account  would  move  the  1978  data  into  even 
closer  alignment  with  the  previous  years. 

From  Figure  11  one  can  obtain  an  estimate  of  the  amount 
of  photosyn thet i ca 1 1 y  active  radiation  (PAR)  received  by  the 
plants.  Various  authors  have  determined  the  ratio  of  PAR  to 
global  radiation  to  be  between  0.47  and  0.50  (Szeicz  1974, 
Stanhill  and  Fuchs  1977,  Addison  and  Bliss  1980).  These 
values  are  remarkably  constant  over  a  wide  range  of 
latitudes  (12°N-77°N)  and  atmospheric  conditions,  with  most 
variation  resulting  from  changes  in  atmospheric  turbidity 
and  water  content.  In  addition,  overcast  skies  result  in 
slightly  higher  (0.51-0.52)  ratios  due  to  infrared 
attenuation,  and  low  sun  angles  (solar  elevation  <10°)  also 
tend  to  produce  slightly  larger  ratios,  probably  a  result  of 
an  increased  diffuse  radiation  component  (Szeicz  1974). 

Therefore,  a  value  of  0.50  can  conveniently  be  applied 
to  the  data  in  Figure  11,  and,  since  the  relative  position 
of  each  year  will  remain  the  same,  one  can  conclude  that  the 
amount  of  PAR  available  in  1978  was  very  similar  to  previous 
years . 

There  is  some  evidence  that  diurnal  fluctuations  of 
zeta  (R:FR  ratio)  occur  in  a  regular  manner  (Figs.  12  and 
13).  From  21-29  July  zeta  ranged  from  0.90  to  1.20,  with  the 
majority  of  values  less  than  1.00  occurring  between  2200  and 
0100  hr  CDT  (Fig.  12).  Since  the  population  variances  were 
too  different,  zeta  values  between  2200  and  0400  hr  were 
compared  to  the  values  between  0800  and  1800  hr  using  the 
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extremely  anomalous  direct  beam  (  o  )  readings  from  between  2100-0200  h  have  been 
omitted.  Most  measurements  were  ma'de  under  overcast  or  obscured  sun  conditions 
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Mann-Whitney  test  (Conover  1971). The  "night"  readings  were 
significantly  different  ( p < 0 . 0 1 ) .  A  clearer  example  was  seen 
between  29  July  and  22  August  (Fig.  13).  No  values  above 
1.00  occurred  between  2200  and  0200  hr  and  from  0300  to  2100 
hr  all  readings  were  greater  than  1.05.  The  mean  R : FR  ratio 
between  2100  and  0500  hr  (1.02)  was  compared  to  the  mean 
value  between  0900  and  1700  hr  (1.14)  using  the  t-test 
(Dixon  and  Massey  1969).  The  two  samples  differed  very 
significantly  ( p< .001 ) .  Thus,  coincidence  of  minimum  zeta 
values  with  minimum  solar  elevations  is  clear. 

The  great  majority  of  the  data  are  from  overcast  or 
obscured  sun  sky  conditions,  since  cloud  cover  was  most 
frequent  near  the  end  of  the  season.  In  addition,  these 
conditions  eliminated  concerns  regarding  the  cosine  response 
of  the  sensors  at  low  sun  angles,  as  deviations  from 
Lambert's  cosine  law  were  increasingly  significant  at  solar 
elevations  less  than  10-15°  (Fig.  43;  Appendix  2). 
Difficulties  in  calibrating  the  sensors  to  correct  for  these 
deviations  resulted  in  uncertainty  in  the  soundness  of 
direct  solar  beam  values  at  low  sun  angles.  Therefore,  these 
values  were  omitted  from  both  of  the  above  figures. 

Some  workers  at  arctic  (Teeri  1974,  1976)  and  temperate 
(Flolmes  and  Smith  1977a)  latitudes  have  raised  the  question 
of  whether  diurnal  and/or  seasonal  variations  in  zeta  can 
act  as  an  environmental  cue  for  certain  physiological 
responses  in  plants.  The  above  results  suggest  that  during 
late  July  and  August  in  the  H i gh  Arctic,  variations  in  zeta 
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do  occur  on  a  24  hour  cycle.  However,  whether  the 
differences  are  of  sufficient  magnitude  to  elicit  a  response 
or  whether  seasonal  shifts  occur  in  zeta  is  unclear.  The 
question  in  regard  to  magnitude  will  be  considered  later. 

Due  to  the  lack  of  early  season  data  it  was  not 
possible  to  determine  whether  a  seasonal  shift  in  zeta 
occurred.  However,  a  model  allowing  the  calculation  of 
spectral  solar  irradiance  was  used  to  determine  whether  a 
seasonal  cueing  mechanism  could,  theoretically,  be  in 
operation  at  arctic  latitudes.  As  well,  the  model  provided  a 
check  on  the  absolute  magnitudes  and  relative  daily  shifts 
of  zeta  as  reported  in  Figures  12  and  13. 

The  model  ( Leckner  1978)  allows  the  calculation  of  the 
spectral  distribution  of  solar  radiation  at  the  earth's 
surface,  and  takes  into  account  the  various  scattering  and 
absorptive  phenomena.  The  details  of  the  model  and  the 
application  to  the  prediction  of  zeta  values  on  Truelove  are 
given  in  Appendix  3. 

The  results  of  the  model  suggest  that  diurnal  variation 
in  zeta  near  the  end  of  the  summer  may  be  large  enough  to 
act  as  a  photoper iodic  cueing  mechanism  (Azeta=0.27)  (Fig. 
14).  The  large  difference  between  the  minimum  zeta  of  6  July 
and  the  minimum  of  6  August  results  from  an  additional  drop 
in  solar  elevation  between  the  two  dates  of  only  5°.  The 
minimum  solar  elevation  on  6  July  is  ca.  8°  and  for  6  August 
it  is  ca .  3°.  This  is  supported  by  previous  work  which  has 
found  large  zeta  shifts  cor respondi ng  to  small  changes  in 
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solar  elevation  near  sundown  (Holmes  and  McCartney  1976, 
Holmes  and  Smith  1977a) 

There  is  the  possibility,  also,  that  the  seasonal  shift 
in  zeta  between  July  and  August,  most  pronounced  near  2400  h 
(Azeta=0. 17) ,  is  large  enough  to  be  used  by  plants  as  a 
photoper iodic  cue. 

Despite  differences  in  sky  conditions,  the  predicted 
red: far-red  ratios  are  very  similar  to  the  measured  values 
taken  during  August  with  regard  to  both  absolute  values  and 
degree  of  diurnal  variation  (compare  Fig.  13  and  14).  The 
theoretical  values  range  from  1.10  to  0.83  (Azeta=0.27) 
while  the  August  measurements  fell  between  ca.  1.15  and  0.94 
(a  zeta  =  0 . 21). 

It  is  important  to  note  that  the  majority  of  1978  zeta 
measurements  were  made  under  conditions  of  obscured  sun, 
while  clear  skies  were  assumed  for  the  model.  This  latter 
assumption  is  unrealistic,  since  the  mean  monthly  cloudiness 
at  75°N  80CW  is  63%  in  July  and  72%  in  August  (Vowinckel 
1962).  The  possible  effects  of  overcast  skies  on  zeta  are 
considered  in  more  detail  in  Appendix  3.  In  general,  lower 
transmittance  of  730  nm  light  would  be  expected  due  to  weak 
absorption  by  cloud  water  at  that  wavelength  (Gates  and  Shaw 
1960,  McCartney  and  Unsworth  1978).  In  addition,  higher 
reflectance  of  660  nm  light  from  snow  (Krinov  1953)  and  the 
subsequent  reflectance  from  the  clouds  contributes  to  the 
occurrence  of  higher  zeta  under  cloudy  skies.  The  prevalence 
of  red  light  absorbing  sedges  and  grasses  (Krinov  1953)  on 
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the  Lowland  would  mitigate  somewhat  the  effects  of  the 
surrounding  snow  covered  sea  ice,  but  the  net  effect  would 
likely  still  be  a  higher  component  of  reflected  red  light. 
Therefore,  greater  zeta  values  than  those  predicted  for 
clear  skies  would  be  expected,  and  this  is  what  was  found 
(compare  Figs.  13  and  14).  Errors  in  the  assumptions  of 
ozone  concentration,  turbidity  and  water  vapor  pathlength 
(see  Appendix  3)  as  well  as  seasonal  variations  in  these 
parameters,  may  also  account  for  some  of  the  discrepancy 
between  actual  and  predicted  values,  and  for  the  scatter  in 
the  radiation  measurements. 

The  above  results  are  not  supported  by  previous  high 
arctic  work.  Both  Mayo  et  al.  (1977)  and  Addison  (1977a) 
concluded  that  diurnal  and  seasonal  shifts  in  zeta  on 
True  love  Lowland  and  King  Christian  Island  were  not  large 
enough  to  be  able  to  be  used  by  plants  as  cues  for  flowering 
or,  presumably,  for  cold  acclimation.  Addison  (1977a) 
reported  a  maximum  zeta  shift  of  0.10  on  6  August.  Mayo  et 
al.  (1977)  found  similar  results  throughout  the  summers  of 
1971  and  1972,  but  the  shifts  were  not  consistently  in  the 
same  direction.  Both  studies  reported  Azeta  to  be 
approximately  one  half  of  that  found  in  1978  (Azeta=0.10  vs. 
0.21).  Part  of  the  discrepancy  may  be  due  to  the  use  of  the 
ISCO  Spectroradiometer  in  the  former  studies  for  the 
measurement  of  650  and  725  nm  wavelengths.  The  cosine 
response  of  this  instrument  drops  sharply  with  an  angle  of 
incidence  <70°  from  normal  (Fig.  44;  Appendix  2),  resulting 
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in  unrealistically  low  values.  Although  the  response  is  very 
similar  at  both  wavelengths,  the  reduction  in  the  absolute 
magnitude  of  the  readings  may  result  in  increased  error  when 
zeta  is  calculated,  especially  when  data  are  recorded  or 
rounded  to  the  nearest  integer,  as  was  often  done  with  the 
True  love  measurements.  A  difference  of  1  unit  when  the 
measurements  have  values  of  5  or  6  units  is  more  significant 
than  when  the  values  are  in  the  50  or  60  range.  In  addition, 
a  slight  error  in  the  angle  of  the  sensor  head  relative  to 
the  sun  could  result  in  significant  differences  in  zeta,  due 

4 

to  the  sharp  drop  in  cosine  response  at  low  sun  angles  and 
due  to  the  great  dependence  of  zeta  on  slight  changes  in  sun 
angle  at  low  solar  elevations. 

Despite  the  differences  between  data,  it  is  clear  that 
the  magnitude  of  zeta  shifts  is  less  in  the  Arctic  than  at 
lower  latitudes.  Measurements  from  latitude  52°N,  during 
January,  have  shown  a  diurnal  variation  in  zeta  of  ca .  0.50, 
more  than  twice  the  value  found  during  August  1978  (Holmes 
and  McCartney  1976,  Holmes  and  Smith  1977a).  Thus,  plants  at 
high  latitudes  would  need  to  be  very  sensitive  to  small 
changes  in  zeta  in  order  for  a  phytochrome  based  cueing 
mechanism  to  work.  Evidence  from  other,  unrelated, 
physiological  work  that  this  is  possible  is  presented  in  the 
later  section  on  treatment  effects. 

The  nature  of  the  diurnal  shift  in  red:blue  ratios  is 
not  clear,  although  there  appear  to  be  differences  between 
low  and  high  sun  angles,  as  found  with  zeta  (Fig.  15).  These 
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July  and  22  August.  Open  circles  (  o  )  represent  direct  beam  readings;  closed 
circles  (  •  )  are  data  from  overcast  or  obscured  sun  conditions. 
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results  contrast  with  those  predicted  from  the  radiation 
model  ( Leckner  1978;  Appendix  3)  which  show  a  very  marked 
increase  in  the  red:blue  ratio  with  decreasing  solar 
elevation  (Fig.  16) . 

At  high  solar  elevations,  the  differences  between  the 
predicted  and  actual  results  are  not  major.  Between  0800  and 
1700  hr  the  predicted  values  range  from  1.30-1.60,  while 
during  the  same  time,  the  actual  measurements  were  between 
1.45-1.70.  The  blue  sensor  recorded  quanta  from  between 
400-500  nm,  while  the  median  value  of  450  nm  was  used  for 
the  model.  The  rapid  decline  in  quantum  flux  density  from 
450-400  nm  (Fig.  6,  p.  31)  may  have  resulted  in  450  nm  being 
too  large  of  a  wavelength  to  be  representative  of  the 
400-500  nm  waveband.  Flence,  the  predicted  values  would  be 
too  sma 1 1 . 

The  wide  scattering  of  the  Truelove  data  at  low  sun 
angles  suggests  that  variations  in  cloud  conditions  had 
strong  effects  on  red:blue  ratios.  This  may  have  been  due  to 
different  amounts  of  exposed  blue  sky  and/or  variable  cloud 
thickness.  In  addition,  at  low  sun  angles  much  higher 
red:blue  ratios  were  predicted  than  were  obtained  (maximum 
predicted  =  5 . 5  ;  maximum  obtai ned  =  2 . 0 ) .  As  discussed  in 
Appendix  3,  assuming  a  spectral  composition  of  the  overcast 
sky  equivalent  to  the  diffuse  component  of  the  clear  sky 
results  in  much  smaller  red:blue  ratios  ( R : BL=0 . 41 -0 . 68) . 
With  partly  cloudy  skies,  this  could  result  in  lower 
red ’.blue  ratios  than  under  clear  conditions.  Also,  a 


- 


L00  9 


58 


to 

a> 

T)  CM- 

3  0  0 


o 

o 

•so 

O 


1/0 
cr 
ZD 
O 


•r-D  « 
-M  d)  0) 
10  CO  <— 

>—  co  _q 

jQ  (0 


to  d) 
£_ 
U )  (0 
0 

•«-  CO 

c 

O 


£_ 

(0 


(0 


(0 


00  • 
o-  oo 
CD 

•»-  X 


660:450 
Ca leu  1 
eckner 
Append i 

- — -  ■ _ i 

+-■  — ■  c 

d)  to  -r- 

o 

3  3  C 

o 

—  O)  0  C 

-Q  3  -r-  d) 

On! 

••<44  > 

CD 


~o  (0 

d)  CO  *i— 

C-  "O 
T3  to  co 
C  C  t_  (0 
•I-  co 

4-J  d) 

C  >»  O  £- 
O'-  1)  (0 
D  £_ 

+-*  “3  T  >% 
(0  T3  4-> 
*i —  CO  -i— 

£-  T3  T3 
<0  C  C  — 
>  0  to  X) 


o 

CD 

QO 


—  s  d)  d 

tO  -  CO  4-» 

COD 

L^4--Q 

:•  c 

-i-  ra 
"O  oo  T3 

c 

T3  d)  >.  0 
<D  T3  ^ 

4-*  D  co  4-» 

O  4— <  (0 

"0  O)  to  4-> 

a)  c  d)  c 
c-  0  —  (D 
CL  —  O  O 

c 

•  -  M—  0 

co  ^  o  O 


CD 

o 

CNl 


i - 1 - 1 - r 


O 

o 

o 

o 

O 

o 

o 

o 

ih 

-j- 

m 

04 

(O'-  d) 

•co  d)  C 
(J>°  "O  o 
,r  LO  0  N 
u-N  E  0 


or 


< 

cd 


59 


prevalence  of  snow  as  the  primary  reflecting  surface 
decreases  direct  beam  red.’blue  ratios  by  a  factor  of  0.84 
(see  Appendix  3),  and  may  also  explain  the  lower  ratios  in 
comparison  to  the  predictions. 

Results  similar  to  the  predicted  values  have  been 
reported  from  lower  latitudes  (Johnson  and  Salisbury  1967). 
Gates  (1966)  also  showed  the  increase  in  the  red:blue  ratio 
with  increasing  air  mass.  There  is  some  information  which 
has  implicated  the  interactions  of  red,  far-red  and  blue 
light  to  be  important  in  flowering,  but  actual  red:blue 
ratios  were  not  calculated  (Brown  and  Klein  1971,  Sawhney 
1977a, b,c).  The  greater  variation  in  red:blue  ratios  near 
2400  hr  during  August  suggests  that  the  values  are  affected 
by  very  low  sun  angles.  Whether  the  shifts  are  large  enough 
or  regular  enough,  as  suggested  by  the  model,  to  provide 
plants  with  a  potential  cueing  mechanism  remains  unclear. 

2.  Temperature  and  Vapor  Pressure  Deficit 

The  seasonal  variation  in  air  temperature  is  presented 
as  five  day  means  and  shown  in  Fig.  17.  Along  with  the  1978 
data  are  the  results  of  measurements  from  1970-1973  obtained 
from  the  Intensive  Raised  Beach  study  site  of  the  I.B.P. 
(Courtin  and  Labine,  unpublished  data).  This  site  was  ca.  2 
Km  east  of  the  1978  field  site  (Fig.  5).  Although  the 
average  temperatures  during  the  first  half  of  the  1978 
season  are  somewhat  lower  than  the  previous  years,  results 
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from  the  latter  weeks  agree  better.  Air  temperatures 
remained  higher  at  the  end  of  the  1978  season  than  during 
the  early  1970's  on  Truelove.  A  chinook  during  1-3  August 
1978  accounts  for  the  sharp  increase  in  average  temperature 
during  that  time,  while  Labine  (1974)  reported  clear  weather 
as  the  reason  for  the  unusually  high  temperatures  in  early 
August  1973. 

In  general,  the  1978  field  data  fit  well  among  the 
results  from  1970-1973,  especially  considering  the  amount  of 
variation  from  year  to  year  at  the  I.B.P.  site  and  the 
distance  of  ca.  2  km  between  the  sites.  Courtin  and  Labine 
(1977)  reported  that  the  area  adjacent  to  the  mouth  of  Gully 
River,  within  which  the  I.B.P.  site  lay,  was  generally 
warmer  than  most  other  places  on  the  Lowland,  especially 
early  in  the  season.  This  fact,  together  with  the  close 
proximity  of  Phalarope  Lake  to  the  1978  field  site,  could 
account  for  the  slightly  lower  temperatures  at  the  study 
area . 

During  the  field  season,  the  lowest  recorded 
temperature  was  -1°C  on  27  July,  and  on  only  two  other 
occasions  did  the  temperature  drop  to  0°C.  The  maximum  air 
temperature  ( 1 1 ° C )  occurred  on  1  August  during  the  chinook. 
From  Figure  17  it  is  clear  that,  excepting  the  chinook,  mean 
daily  temperatures  were  between  3°C  and  5°C  during  the 
growing  season. 

Vapor  pressure  deficit  (VPD)  (Fig.  18)  exhibited 
moderately  large  fluctuations  on  a  weekly  and  yearly  basis. 
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The  1970-1973  data  are  from  Courtin  and  Labine  (unpublished 
data).  Results  suggest  that  conditions  may  have  been 
slightly  drier  at  the  1978  site  than  most  years  at  the 
I.B.P.  site.  Courtin  and  Labine  (1977)  suggested  that  the 
higher  VPD' s  in  1972  may  have  been  a  result  of  cooler 
conditions  and  lower  precipitation  (21.8  mm).  This  may  also 
explain  the  1978  data,  with  slightly  lower  weekly  mean 
temperature  (Fig.  17)  and  lower  precipitation  (21.9  mm)  than 
most  I.B.P.  years . 

In  any  case,  the  differences  are  probably  insignificant 
since  the  actual  VPD' s  are  quite  small  (.05-0.3  kPa), 
indicating  a  relatively  moist  environment.  In  summary,  the 
temperature  and  atmospheric  moisture  conditions  of  1978  were 
not  unlike  previous  years  at  Truelove  in  that  no  grossly 
anomalous  weather  conditions  prevailed  which  could  cast 
doubt  on  the  validity  of  the  experimental  results  as  they 
might  be  applied  in  a  general  way. 


3.  Soils:  Depth  of  Thaw 

By  10  July  the  depth  of  thaw  within  the  study  area  had 
exceeded  25  cm  (Fig.  19),  which  is  the  approximate  maximum 
depth  of  plant  rooting  on  beach  ridge  slopes  ( Svoboda  1977). 
At  midslope,  thaw  was  more  rapid  and  to  greater  depths  than 
at  the  slope  base.  Svoboda  (1977)  reported  a  range  of  40-70 
cm  for  beach  ridge  slope  active  layers  throughout  the 
Lowland,  and  shallower  depths  (25  cm)  for  the  transition 
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zones  to  a  meadow.  The  decrease  in  active  layer  with 
decreasing  slope  position  has  been  attributed  to  increasing 
amounts  of  soil  moisture  and  increasing  amounts  of  organic 
material  as  the  sedge  meadow  at  the  slope  base  is  approached 
(Courtin  and  Labine  1977).  The  greater  amount  of  organic 
material  provides  more  thermal  insulation,  and  the  higher 
water  content  results  in  more  thermal  inertia  than  the 
drier,  more  vegetat iona 1 ly  depauperate,  ridge  crest  and 
midslope.  The  same  reasons  can  account  for  the  different 
rates  of  thaw.  At  the  1978  midslope  position  more  than  20  cm 
thawed  in  one  day  (1*2  July)  while  at  the  slope  base  5  days 
were  required  to  thaw  the  same  amount  (Fig.  19). 

The  seven  day  lag  between  a  thaw  depth  of  25  cm  at 
midslope,  and  an  equivalent  thaw  at  the  slope  base  is 
probably  insignificant  to  the  results  of  this  study.  The 
aspect  of  plant  growth  potentially  most  affected  by  the 
differences  would  be  phenology.  From  Fig.  19  it  is  apparent 
that  the  various  treatment  replicates  which  were  spread 
along  the  slope  became  snowfree  at  different  times.  It 
should  be  noted  that  snow  melt  near  the  slope  base  was  more 
patchy  than  indicated  in  the  idealized  snow  recession. 
However,  there  were  only  differences  of  2  to  3  days  between 
the  various  plants  becoming  active,  which  is  probably  an 
unimportant  difference  in  terms  of  cold  hardiness.  Phenology 
will  be  considered  further  in  a  later  section. 
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B.  Effects  of  Treatments  on  Local  Plant  Environment 
1.  Radiation 

The  spectral  distribution  of  sunlight  filtered  through 
the  different  light  quality  altering  treatments  is  shown  in 
Fig.  6.  Implicit  in  the  use  of  these  filters  and  the 
resultant  shifts  in  light  quality  was  the  assumption  that 
the  magnitude  of  the  shifts  (i.e.  zeta=1.00  to  0.62)  would 
be  sufficient  to  induce  a  physiological  response  with 
respect  to  cold  hardiness  and  dormancy.  Unfortunately,  no 
previous  work  relating  dormancy  or  cold  hardiness  to  the 
effects  of  differences  in  daytime  zeta  values  has  been 
conducted.  Earlier  workers  who  have  examined  the  role  of  the 
phytochrome  system  in  the  induction  of  cold  hardiness  have 
only  considered  end  of  day  light  effects  by  short  (15-30 
min)  applications  of  red  (zeta=15-17)  or  far-red  (zeta  not 
given)  light  (Williams  et  al .  1972,  McKenzie  et  al.  1974a). 
The  daytime  zeta  values  were  not  reported,  and  the 
end-of-day  light  treatment  was  more  extreme  than  that  which 
occurs  natural ly . 

More  recently,  Morgan  and  Smith  (1978,  1979)  examined 
the  effects  of  different  daytime  zeta  values  on  development 
of  various  plant  species.  Each  light  environment  differed 
only  in  the  amount  of  FR  irradiance  (PAR  constant)  given 
during  the  16  hr  day,  resulting  in  a  range  in  zeta  values 
from  3.8-0.16.  The  phytochrome  photoequilibrium  (0=Pfr/Ptot) 
corresponding  to  each  zeta  value  was  obtained  from  Smith  and 
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Holmes  (1977).  It  was  found  that  the  stem  extension  rate  in 
a  number  of  species  was  linearly  related  to  0  (Morgan  and 
Smith  1979).  This  implies  that  slight  changes  in  0, 
resulting  from  changes  in  zeta,  can  result  in  directly 
proportional  changes  in  certain  morphological  traits. 

Morgan  and  Smith  have  only  been  concerned  with 
morphological  traits  in  their  work,  especially  in  relation 
to  natural  shading.  The  direct  extrapolation  of  their  work 
to  cold  hardiness  and  dormancy  is  not  valid.  It  is  almost 
certainly  not  the  case  that,  for  example,  a  decrease  in  zeta 
results  in  a  linear  decrease  in  plant  cold  hardiness.  More 
likely  a  threshold  mechanism  would  be  involved,  similar  to 
that  described  by  Mohr  (1972)  for  mustard  lipoxygenase 
synthesis  and  hypocotyl  elongation.  However,  their  work 
shows  that  there  is  the  potential  for  the  plant  to  translate 
small  changes  in  zeta  (and  therefore  in  0)  to  molecular 
changes  which  eventually  result  in  morphological  or 
physiological  differences.  This  provides  evidence  that  the 
naturally  occurring  zeta  shifts  noted  earlier  (Azeta=0.21) 
could,  theoretically,  be  of  sufficient  magnitude  to  cue  the 
onset  of  cold  acclimation  and  dormancy.  Of  course,  there  is 
a  lower  limit  of  sensitivity  to  zeta  shifts,  below  which  the 
plant  will  not  respond.  This  is  necessary  to  avoid  the 
unadaptive  triggering  of  responses  by  irregular  variation  in 
zeta  values.  Changing  weather  conditions  (e.g.  cloud  and 
rain)  and  overstory  vegetation  are  two  examples  of  the 
causes  of  this  type  of  variation.  Therefore,  to  be  useful  to 


' 

- 


68 


the  plant,  the  shift  must  be  larger  than  the  daily  small 
fluctuations  in  R:FR  ratio  which  occur  randomly. 

It  is  suggested  that  the  zeta  shifts  created  by  the 
treatments  were  of  sufficient  magnitude  to  be  effective  in 
cold  hardiness  and  dormancy  induction  if  a  phytochrome  based 
cueing  was  present  in  the  two  species.  The  mean  (n=63)  July 
red:far-red  ratio  at  Truelove  was  1.12  (range:  0.89-1.54), 
while  the  -red  filter  mean  (n=62)  was  0.62  (range: 
0.48-0.88).  The  wide  range  in  values  resulted  from  changing 
sun  angle.  These  values  fall  within  the  range  where  a  small 
change  in  zeta  results  in  a  relatively  large  change  in  0 
(Smith  and  Holmes  1977).  The  phytochrome  photoequilibria 
corresponding  to  these  zeta  values,  taken  from  Smith  and 
Holmes  (1977),  are  0.56  (range:  0.53-0.61)  and  0.47  (range: 
0.43-0.52),  respectively. 

Additional  support  comes  from  Figs.  13  and  14  from  the 
field  site  character izat ion  section.  Near  season's  end,  the 
minimum  measured  zeta  values  ranged  between  0.90-0.95,  while 
the  minimum  predicted  zeta  was  near  0.83.  Both  are  well 
above  the  mean  of  0.62  found  under  the  -red  treatment. 
Therefore,  the  treatment  created  an  environment  where 
red: far-red  ratios  were  well  below  any  natural  low  value 
which  might  function  as  a  threshold  for  cold  hardiness 
induction  at  75°  latitude. 

The  -blue  light  treatment  established  a  mean  July 
red:blue  ratio  of  11.57  (range:  7.71-15.89)  compared  to  the 
corresponding  value  of  1.70  (range:  1.13-2.33)  for 
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unfiltered  sunlight.  Figs.  15  and  16  demonstrate  the 
adequacy  of  the  treatment  if  photocontrol  of  cold  hardiness, 
via  blue  light,  is  operating  in  Sal ix  or  Saxifraga.  Fig.  15 
(p.  57)  shows  that,  during  August,  the  maximum  red:blue 
ratios  ranged  between  2.00  and  2.40,  while  the  predicted 
ratios  ranged  up  to  5.4  on  6  August.  As  with  the  -red 
treatment,  the  -blue  values  were  more  extreme  than  the 
measured  and  predicted  red:blue  ratios. 

Two  effects  expected  from  the  short  day  ( SD )  treatments 
were  reduced  photosynthesis,  and  early  induction  of  dormancy 
with  increased  cold  hardiness.  However,  it  has  been  well 
established  that  cold  acclimation  is  an  energy  requiring 
process  and  plants  severely  depleted  in  photosynthate  cannot 
harden  (Weiser  1970,  Alden  and  Hermann  1971).  Since  it  was 
possible,  due  to  the  short  (8  hr)  days,  that  the  plants 
might  suffer  photosynthet ica 1 ly  and  respond  abnormally,  the 
neutral  density  (ND)  filter  treatment  was  established.  As 
reported  in  the  Methods,  the  ND  filter  only  transmitted  63% 
of  PAR.  From  actinograph  records,  and  using  a  PAR:SW 
radiation  ratio  of  0.50  (Szeicz  1974),  the  amount  of  PAR 
incident  each  day  at  the  field  site  between  0900-1700  hr  CDT 
was  determined  and  compared  to  the  total  PAR  received  per 
day,  thereby  allowing  the  calculation  of  the  percentage  of 
total  PAR  available  to  the  SD  plants.  A  mean  value  of 
60 . 3± 1  -  1  %  (range:  48.4-67.3%)  was  found  and  compares  very 
well  with  the  63%  transmittance  of  the  ND  filter.  However,  a 
short  period  of  high  intensity  light  may  not  be  comparable 
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to  a  long  period  of  low  intensity  light,  even  though  the 
total  energy  inputs  are  the  same.  This  is  due  to  light 
saturation,  the  point  above  which  additional  illumination 
results  in  no  additional  photosynthesis,  and  to  light 
compensation,  the  intensity  below  which  respiration  exceeds 
photosynthesis.  As  a  consequence,  it  is  possible  that  a 
large  amount  of  the  energy  considered  available  to  the  SD 
plants  was  above  light  saturation,  and  as  well  the  ND  filter 
may  have  increased  the  period  of  time  those  plants  were 
operating  below  light  compensation. 

Measurements  of  the  light  saturation  and  compensation 
points  of  Sal ix  arctica  and  Saxifraga  oppositifolia  are 
necessary  to  test  the  previous  considerations.  Unfortunately 
this  information  is  not  available  for  Saxifraga.  Zalenskij, 
et  al.  (1971)  reported  light  saturation  of  ca.  50,000  lux  at 
17°C  for  Sal ix  arctica  from  Western  Taimyr.  From  Tieszen 
(1973)  and  Hartgerink  (1975)  one  obtains  from  50,000  lux 
values  of  0.381  cal  crrr2min_1  and  833  uE  m-2s-1  as 
equivalents.  From  actinograph  records  it  was  found  that  PAR 
was  above  the  Sal ix  light  compensation  point  33%  of  the  time 
during  which  the  SD  plants  were  uncovered.  Flowever ,  other 
factors  may  have  limited  photosynthesis  apart  from  light 
intensity.  Tieszen  (1975)  reported  a  midday  depression  in 
photosynthesis  for  Sal ix  pulchra  when  the  air  temperature 
exceeded  ca.  15°C.  It  was  not  uncommon  for  air  temperatures 
under  the  domes  to  be  above  15° C  and  3-6° C  warmer  than  the 
air  surrounding  the  SD  and  control  plants  on  clear,  calm 
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days.  Hence,  the  plants  with  higher  air  temperatures  may 
have  experienced  greater  VPD' s  and  a  greater  midday  drop  in 
photosynthesis  than  the  open  air  (SD  and  control)  plants. 
Therefore,  occasions  of  light  saturation  in  the  SD  plants 
may  not  have  been  very  significant  in  view  of  the  possible 
reduction  of  photosynthesis  under  the  domes. 

The  second  consideration  was  the  possibility  of  a  more 
frequent  drop  of  light  intensity  below  the  compensation 
point  for  plants  under  the  treatment  domes.  Tieszen  (1975) 
reported  light  compensation  for  Sal ix  pulchra  at  14.0  J 
m"2s_1  (ca.  22  juE  nr2s_1).  Assuming  this  value  to  be  similar 
for  Sal ix  arctica,  spot  readings  of  PAR  taken  during  1978 
between  1100-0200  hr  show  that  irradiance  below  light 
compensation  did  not  occur  beneath  the  domes  until  early 
August,  well  after  the  effects  of  short  days  became  manifest 
(see  Phenology).  Consequently,  it  is  unlikely  that  the  dome 
covered  plants  suffered  significantly  from  reduced  PAR  at 
"night" . 

Although  there  is  still  the  uncertainty  as  to  what 
degree  light  saturation  limited  photosynthesis  in  the  SD 
plants,  the  fact  remains  that  the  total  available  PAR  was 
essentially  the  same  for  all  treatments  (49-63% 
transmittance).  Consequently,  it  is  suggested  that  any 
differences  between  treatments  resulting  from  changes  in 
light  quantity  or  quality  were  due  to  mediation  through 
pigments  other  than  chlorophyll  (e.g.  phytochrome). 
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2.  Temperature 

Figs.  20  and  21  present  Sal ix  and  Saxifraga  leaf 
temperatures  as  degree  event  accumulations  from  the 
thermocouple  spot  readings.  The  degree  event  accumulation 
was  modified  from  the  degree-day  concept  to  allow  the  use  of 
data  obtained  at  irregular  intervals.  Although  most  readings 
were  taken  once  a  day  during  late  morning,  occasionally  only 
afternoon  temperatures  were  recorded  or  temperatures  during 
both  the  morning  and  afternoon  were  read.  There  were  no  late 
night  readings.  Although  the  arbi trar i ness  of  leaf 
temperature  sampling  results  in  there  being  little  use  for 
the  data  as  an  absolute  measure  of  average  daily  or  seasonal 
leaf  temperature,  the  fact  that  readings  from  each  treatment 
were  taken  within  5-10  min  of  each  other  allows  the  data  to 
be  used  comparatively.  Theoretically,  if  the  treatments  had 
no  differential  effects  on  leaf  temperature,  each  curve  in 
Figs.  20  and  21  would  roughly  coincide,  with  differences  due 
to  variations  in  leaf  angle,  local  microclimate  or  the 
thermocouple- leaf  contact  (Warren  Wilson  1957). 

It  is  apparent  that  the  treatments  had  little 
significant  effect  on  Sal ix  leaf  temperature  throughout  the 
season,  with  the  possible  exception  of  the  neutral  density 
filter  (Fig.  20).  There  were  no  significant  differences 
between  any  mean  Sal ix  leaf  temperatures  at  the  5%  level 
(Table  2).  Similarly,  comparisons  between  Saxifraga 
treatments  show  no  significant  differences  (Table  2), 
although  temperatures  were  generally  lower  under  the  SD  and 
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Fig.  20.  Accumulated  degree  events  for  Sal ix  arctica  leaf 
temperatures .  The  degree  event  accumulation  at  a  given  date 
is  the  sum  of  all  thermocouple  spot  readings  of  leaf 
temperature  for  that  treatment  up  to  that  date.  See  text  for 
further  discussion. 
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Fig.  21.  Accumulated  degree  events  for  Saxifraga 
oppositifolia  leaf  temperatures.  See  Fig.  20  and  text  for 
further  explanation. 
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-blue  treatments  (Fig.  21). 

At  the  soil  surface,  the  ND  filter  again  resulted  in 
slightly  lower  temperatures  for  Sal ix  (Fig.  22),*  though  not 
significant  at  the  5%  level  (Table  2).  For  Saxifraga,  the 
soil  surface  temperature  under  the  -red  dome  was  generally 
well  above  the  other  treatments,  while  the  -blue  dome  gave 
the  lowest  temperatures  (Fig.  23).  Under  the  -red  filter, 
the  soil  surface  was  significantly  warmer  than  all  but  the 
SD  treatment  (Table  2). 

The  results  at  -5  cm  were  very  different  between  the 
two  species  (Figs.  24  and  25).  Although  the  mean  temperature 
difference  was  only  2.0°C  between  the  control  and  the  ND 
filter  in  Salix,  the  control  differed  significantly  from  all 
but  the  -red  treatment  (Table  2).  The  other  significant 
differences  between  Salix  treatments  are  contrasted  by  the 
Saxifraga  results,  where  all  the  treatments,  except  -blue, 
had  essentially  the  same  temperature  (Fig.  25,  Table  2). 

It  is  difficult  to  account  for  the  differences  between 
treatments  as  the  result  of  different  radiation 
environments.  One  would  expect  that  at  least  the  control  and 
SD  results  would  be  very  close,  since  very  few  readings  were 
taken  when  the  SD  plants  were  covered,  and  the  remaining 
readings  were  taken  under  the  same  prevailing  weather 
conditions.  This  holds  fairly  well,  since  only  at  the  -5  cm 
level  do  the  two  differ  significantly  in  the  case  of  Salix 
(Table  2).  The  difference  here  may  be  due  to  the  small 
hummock  on  which  the  control  plant  grew,  allowing  a  warmer 
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Fig.  22.  Accumulated  degree  events  for  Sal ix  arctica-  soil 
surface  (0  cm)  temperatures .  See  Fig.  20  and  text  for 
further  explanation. 
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Fig.  23.  Accumulated  degree  events  for  Saxifraga 
oppositifolia  soil  surface  (0  cm)  temperatures.  See  Fig.  20 
and  text  for  further  explanation. 
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Fig.  24.  Accumulated  degree  events  for  Sal ix  arctica  soil 
(-5  cm)  temperatures .  See  Fig.  20  and  text  for  further 
expl anat ion . 
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Fig.  25.  Accumulated  degree  events  for  Saxifraga 
oppositifolia  soil  (-5  cm)  temperatures.  See  Fig. 
text  for  further  explanation. 
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root  environment  than  plants  on  flat  ground.  Also  the 
thermocouples  entered  the  hummock  from  the  south-facing 
slope,  possibly  allowing  more  heat  conduction  along  the  wire 
than  normal.  Different  mi crotopography  may  also  account  for 
the  differences  found  between  other  treatments  at  the  soil 
surface  and  subsurface. 

Morphological  differences  may  be  responsible  for  the 
different  order  of  warmest  to  coolest  treatments  found 
between  species.  For  example,  for  Salix,  the  warmest  soil 
surfaces  were  under  the  -blue  treatment  and  the  control , 
while  for  Saxifraga  it  was  the  -red  and  the  SD  conditions 
(Table  2).  Also,  the  ND  filter  produced  the  lowest  mean 
temperatures  at  all  levels  for  Salix,  while  it  was  the  -blue 
treatment  which  resulted  in  the  same  for  Saxifraga.  However, 
it  is  difficult  to  understand  how,  for  example,  the  cushion 
plant  growth  form  of  saxifrage  allows  a  red  light  deficient 
radiation  environment  to  warm  the  soil  beneath  the  plant 
significantly  more  than  a  blue  light  deficient  environment. 
More  difficult  to  explain  is  how  the  -red  treatment  resulted 
in  a  significantly  warmer  soil  surface  than  the  control, 
which  had  full  insolation  (Table  2).  Similar  problems  arise 
when  considering  other  pairs  of  differences. 

It  is  suggested  that  the  majority  of  temperature 
differences  found  between  treatments  was  due  to  different 
mi crotopographi es  and/or  microenvironments  and,  possibly,  a 
result  of  slight  differences  in  sensor  placement.  This  is 
not  to  say  that  the  presence  of  the  domes  had  no  effect  on 
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leaf,  soil  surface  and  subsurface  temperatures.  Rather,  that 
their  presence  enhanced  the  effects  of  the  local 
mi croenvi ronment  more  so  in  some  cases  than  others.  For 
example,  consider  a  plant  occurring  in  a  small  depression. 

It  normally  has  slightly  higher  temperatures  than 
neighboring  flat  ground  plants,  as  a  result  of  reduced  wind 
and  reradiation  from  surrounding  hummocks.  If  it  were 
covered  with  a  dome,  the  result  would  likely  be  even  higher 
leaf  and  soil  temperatures  regardless  of  the  filter  color. 

In  the  present  case,  then,  one  would  not  expect  any  order  to 
the  pattern  of  temperature  changes  resulting  from  the  domes. 
With  Saxifraga  all  three  -red  domes  would  not  be  expected  to 
consistently  have  higher  soil  surface  temperatures  than  the 
-blue  filters,  as  the  results  indicate.  Unfortunately,  only 
one  representative  of  each  treatment  was  sampled  per  species 
and  this  hypothesis  cannot  be  tested.  However,  given  the 
difference  in  order  of  the  heating  effects  of  the  same 
treatments  between  the  two  species,  and  given  the  known 
microtopographic  heterogeneity  of  the  surface  of  the  field 
site,  it  is  suggested  that  consistent  differences  in 
temperature  did  not  result  from  direct  effects  of  the 
different  radiation  environments  created  by  the  domes. 

Apart  from  the  question  of  consistent  statistically 
significant  differences  in  temperature  is  the  question  of 
biologically  significant  differences  in  temperature.  It  is 
possible  that  unusual  differences  in  leaf  and/or  root 
temperature  could  set  up  an  imbalance  between  photosynthesis 
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and  respiration,  resulting  in  effects  like  photosynthate 
depletion  and  low  biomass  production,  which  could  complicate 
the  interpretation  of  treatment  effects  on  cold  hardiness 
and  water  relations. 

Differences  in  leaf  temperature  between  treatments  were 
probably  not  great  enough  to  cause  significantly  different 
amounts  of  plant  production.  Billings  et  al.  (1971),  working 
with  Oxyria  digyna  reported  only  moderate  variation  in  net 
photosynthesis  with  temperatures  down  to  10°C.  Tieszen 
(1978)  stated  that  net  assimilation  in  species  from  Barrow 
(including  S.  pulchra)  was  only  slightly  inhibited  by  low 
temperature,  and  was  much  more  closely  linked  to  irradiance. 
He  found  that  S.  pulchra  fixed  at  ca.  80%  of  maximum  at  3°C 
(Tieszen  1975).  Warren  Wilson  (1957)  observed,  however,  that 
photosynthesis  is  very  temperature  dependent  near  0°C  and 
Pisek  et  al.  (1973)  summarized  results  from  numerous  alpine 
studies  which  indicate  that  photosynthesis  near  0°C  is  often 
between  30-40%  of  maximum.  In  the  present  case  leaf 
temperatures  were  rarely  near  zero,  except  at  "night"  when 
reduced  light  resulted  in  low  photosynthesis  regardless  of 
temperature.  Although  the  data  from  Table  2  are  not  a  fair 
representation  of  mean  daily  temperature,  they  do  indicate 
that  leaf  temperatures  were  often  between  5-10°C,  since  most 
readings  were  gathered  in  late  morning  or  early  afternoon, 
when  with  high  light  intensities,  assimilation  was  maximal. 

Some  studies  have  noted  strong  correlations  between 
soil  temperatures  and  shoot  growth  (Bliss  1966,  Dennis  and 
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Johnson  1970),  although  there  has  been  little  quantification 
of  this.  McCown  (1973)  reported  a  300-500%  increase  in 
aboveground  annual  production  when  a  buried,  heated  pipeline 
increased  summer  soil  temperatures  in  Alaskan  tundra  10-15*C 
above  normal.  The  majority  of  the  increase  was  due  to  the 
stimulation  of  herbaceous  dicots  and  grasses.  Woody  dicots 
responded  less  markedly,  with  Populus  bal samifera  in  heated 
soil  adding  80  cm  of  growth  compared  to  40  cm  for  plants 
with  unheated  roots.  These  results  suggest  that  the 
comparatively  minor  differences  in  subsurface  temperature 
found  between  treatments  in  this  study  (maximum  mean 
difference  of  2°C;  Table  2)  were  probably  insignificant  in 
their  effects  on  plant  production  as  far  as  water  relations 
and  cold  acclimation  are  concerned. 

It  is  unlikely  that  the  slight  differences  in 
temperature  between  treatments  may  have  affected  the  degree 
of  cold  hardiness  of  the  plants.  Most  research  supports  a 
two  stage  process  of  cold  acclimation  in  woody  plants 
(Weiser  1970;  see  Introduction)  which  first  involves  weeks 
of  long,  warm  days  followed  by  short  photoperiods  and  warm 
days  with  cool  nights.  Periods  of  frost  bring  about  the 
second  acclimation  stage.  In  work  with  temperate  plants,  the 
warm  temperature  regime  consists  of  a  20°C/15°C 
thermoperiod,  while  a  15°C/5°C  thermoperiod  serves  for  the 
cool  temperature  treatment  (McKenzie  et  al.  1974a,  Wilkinson 
1977,  Harrison  et  al.  1978a).  These  treatments  are  well 
above  the  temperatures  high  arctic  plants  normally 
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experience  (Warren  Wilson  1957,  Courtin  and  Labine  1977). 
Since  the  temperatures  that  induce  increased  levels  of  cold 
hardiness  in  Sal ix  arctica  and  Saxifraga  oppositifolia  are 
probably  very  similar  to  those  which  are  successful  in  other 
woody  plants  (<10°C)(see  Sal ix  cold  hardiness  results),  it 
is  assumed  that  treatment  differences  in  temperature  were 
i nsigni f icant . 


3.  Wind 

Wind  speeds  at  ground  level  were  often  significantly 
lower  under  the  treatment  domes  than  speeds  found  beside 
them  (Table  3).  On  two  occasions  (WN3  and  SR3)  velocities 
were  higher  under  the  domes,  but  this  probably  resulted  from 
a  drop  in  the  external  wind  speed  after  the  under  dome 
readings  were  made.  The  nonsignificant  differences  (Table  3) 
may  be  due  to  the  domes  having  been  high  enough  off  the 
ground  to  allow  close  to  normal  air  movement. 

In  all  instances,  however,  the  differences  caused  by 
the  domes  were  probably  not  biologically  significant.  Of 
concern  here  is  the  effect  of  wind  on  leaf  temperature, 
evaporation  and  gas  exchange  (Lewis  and  Callaghan  1976). 

Warren  Wilson  (1959)  concluded  that  the  effect  of  wind 
on  arctic-alpine  vegetation  was  more  due  to  cooling  than  to 
evaporative  stress.  He  found  that  leaf  temperatures  may  be 
reduced  by  7°C  due  to  wind.  Other  work  has  shown  that  wind 
speeds  of  ca.  0.9-1. 3  m  s"1  resulted  in  heat  loss  twice  that 
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Table  3.  Comparison  of  wind  speeds  beside  and  beneath  dome 
treatments.  The  sensor  was  1-3  cm  above  ground.  Data  were 
collected  on  various  dates  and  results  between  treatments 
are  not  comparable.  W=willow;  S=saxifrage;  -R=minus  red; 
-B=minus  blue;  N=neutral  density.  Pairs  were  tested  by 
Students  t-test  or  Mann- Whi tney  U  test  and  significance  at 
the  0.05  (*)  or  0.01  (**)  level  is  shown.  Sample  size  is 
n=10  except  n  =  5  where  indicated  (M. 


T  reatment 

Wind  Speed  (m  s~ 1  ) 

Beside  Dome  Under  Dome 

Significance  Level 

W-R1 

0.57 

0.46 

** 

W-R2 

2.48 

1  .56 

** 

W-R3 

0.73 

0.49 

** 

W-B1 

0.31 

0.  12 

** 

W-B2 

1  .83 

0.56 

** 

W-B3 

0.97 

1  .06 

ns 

WN  1 

1  .04 

1.11 

ns 

WN2 

0.83 

0.89 

ns 

WN3 

1  .34 

1 .80 

* 

S-B1 

1  .55 

1  .28 

** 

S-B2 

0.59 

0.38 

*  i 

S-B3 

1.96 

1.35 

** 

S-R1 

0.72 

0.63 

ns 

S-R2 

1  .28 

1  .49 

ns 

S-R3 

1  .20 

1  .57 

** 

SN  1 

1  .69 

1  .29 

** 

SN2 

0.81 

0.38 

** 

SN3 

1  .68 

1.27 

** 

•  0^ 
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found  in  a  calm  period,  while  at  ca.  9ms-1  heat  loss  was 
three  times  that  during  a  calm  period  (Powell  1961  in  Corbet 
1972).  However,  in  the  previous  section  it  was  concluded 
that  temperature  differences  between  treatments  were 
insignificant,  and  most  of  the  readings  were  taken  with  some 
wind  present . 

It  is  difficult  to  assess  whether  reduced  wind  under 
the  domes  was  favorable  to  gas  exchange  and  leaf  water 
status,  due  to  the  lack  of  porometry  data.  At  relatively 
high  wind  speeds  (15  m  s*1)  Rhododendron  ferrugineum 
exhibited  a  40-50%  reduction  in  transpiration  and  a  30-40% 
reduction  in  photosynthesis.  Transpiration  in  Pinus  cembra 
was  relatively  unaffected  (Caldwell  1970).  These  differences 
were  attributed  to  different  habitats,  with  Rhododendron 
occupying  more  sheltered  areas  and  Pinus  found  on  windswept 
ridges . 

Unfortunately,  no  information  is  available  on  the 
interaction  of  leaf  resistance  and  wind  velocities  for  the 
two  species  under  study.  However,  in  light  of  the  relatively 
low  velocities  at  ground  level  and  the  successful  growth  of 
the  plants  at  the  site,  it  is  unlikey  that  the  domes  created 
a  significantly  more  favorable  environment  through  the 
slight  lowering  of  average  wind  speeds. 


4.  Soil  Moisture 

In  only  one  instance  was  the  soil  moisture  under  the 
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domes  found  to  be  significantly  higher  than  that  outside  the 
domes  (Fig.  26).  This  suggests  that,  in  general,  covered 
plants  did  not  experience  abnormally  dry  soils  resulting 
from  protection  from  precipitation  or  unusually  wet  soils 
from  decreased  evaporation.  Although  the  soil  dried 
significantly  during  the  first  half  of  July  as  the  moisture 
from  snow  melt  was  depleted,  rain  replenished  the  deficit 
and  maintained  relatively  moist  soils  throughout  the  rest  of 
the  season.  Plants  occurring  near  the  crest  of  the  ridge  may 
have  experienced  drier  soils  than  those  near  the  slope  base, 
where  the  soil  moisture  samples  were  obtained.  Whether  this 
resulted  in  midslope  plants  being  significantly  more 
stressed  than  those  farther  down  is  uncertain. 


C.  Sal ix  arct ica 
1.  Field  Phenology 

Only  the  short  day  treatment  appeared  to  have  any 
significant  effect  on  the  phenology  of  Sal ix  arct ica  (Fig. 
27).  Leaf  and  flower  bud  break  occurred  within  a  period  of 
3-4  days  for  all  plants,  regardless  of  treatment.  The  period 
from  flower  bud  break  to  flower  senescence  was  very  similar 
in  those  treatments  where  the  process  was  completed.  The 
-blue,  control,  -red,  and  short  day  plants  averaged  27,  23, 
22  and  20  days,  respectively  (Fig.  27).  Under  the  neutral 
density  regime,  the  shoots  with  flowers  were  cut  for  cold 
hardiness  tests  and  therefore  the  flowers  were  unable  to 
comp  1 e  t  e  de ve 1 opmen  t . 


to 


230H 


89 


c 

5 

O 

-C 

tO 

^  o 

O  to 

to  <— 
re 

00 

o-  to 

CD  -r- 


c 

o  c 
—  o 

4-J  •!— 

03  -*-< 

•r-  (0 

L.  4— 1 

03  -i— 

>  Cl 


Q)  O 
E  <D 
O  J- 
T5  Q- 


d)  • 

U  to 

•l-  4-< 

to  ■<- 
0)  E 

-D  -r- 

T3 

C  <D 
03  O 
C 

-C  <D 

*D 

03  -r- 
d)  H- 

c  c 
d)  o 
-Q  O 


c 

d)  LO 
d)  CD 

4-J  d) 
d)  4-> 
_Q  03 

O 

c  •<- 
O  TJ 
to  c 


£_ 

03  to 
Q.  £- 
E  (0 

O  CD 
O 

•  d) 
CD  C_ 
CM  3 


•  10 


1HDI3M  AdQ 


90 


~o 

d) 

-*->  (u 

CO  0)  •  • 


n-  U  +->  Qh- 


X 


91 


Although  the  flowering  period  under  short  days  may  have 
been  shortened  slightly  relative  to  the  other  treatments, 
the  main  effect  of  shortened  days  was  a  very  early  leaf 
senescence  (Fig.  27).  The  period  of  leaf  expansion  appeared 
to  be  unaffected  by  any  of  the  treatments,  but  leaf 
senescence  began  only  4-6  days  after  completion  of  expansion 
for  the  SD  plants,  and  5  to  14  days  later,  all  the  leaves 
were  yellow.  Plants  subject  to  the  other  treatments  ranged 
from  21  to  30  days  after  completion  of  leaf  expansion  before 
the  first  signs  of  leaf  senescence  appeared,  and  the  great 
majority  of  leaves  were  still  green  when  observations  ended 
on  20  August.  It  is  clear  that  the  short  day  treatment 
greatly  accelerated  the  senescence  of  Sal ix  arctica  leaves. 

It  has  been  well  established  that  leaf  abscission  and 
onset  of  dormancy  in  many  woody  plants  is  promoted  by  short 
days  (Wareing  1956,  Vaartaja  1959,  Vince-Prue  1975).  Biebl 
(1967)  induced  premature  leaf  fall  in  Sal ix  glauca  at 
Godhavn  (69°N)  through  artificially  shortened  days  (8  h).  In 
other  species  of  willow  it  has  been  shown  that  short 
photoperiods  can  induce  cessation  of  extension  growth,  apex 
abortion,  leaf  senescence,  flower  bud  formation  and  the 
formation  of  resting  structures  (Alvim  1973  in  Alvim  et  al. 
1979,  Juntilla  1976,  Juntilla  1980a, b).  Juntilla  (1980a), 
working  in  Norway,  found  that  the  critical  photoperiod  for 
apical  growth  cessation  in  Sal ix  pentandra  seedlings  was 
longer  (22  h)  for  northern  ecotypes  (69°N)  than  for  southern 
ecotypes  (15-16  h  at  59°N).  Similarly,  flower  bud  formation 
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in  clones  of  S.  pentandra  from  49 °N  occurred  under 
photoperiods  of  18  h  or  less,  while  69°N  ecotypes  formed 
flower  buds  under  24  h  photoperiods  (duntilla  1980b).  It  was 
not  noted  whether  flower  buds  were  formed  under  SD 
conditions  at  True  love. 

While  short  days  induced  apical  growth  cessation  and 
dormancy  in  seedlings  of  S.  pentandra  and  Sal ix  caprea,  the 
same  responses  occurred  in  old  S.  pentandra  trees  growing 
under  natural  conditions  and  continuous  days  at  69° N. 
duntilla  (1976)  concluded  that  the  natural  photoperiod  did 
not  seem  to  regulate  apical  growth  cessation  in  older 
individuals  of  S.  pentandra .  The  same  conclusion  appears 
reasonable  for  Sal ix  arctica  with  respect  to  leaf 
abscission.  Fig.  27  shows  that  while  the  first,  very  brief, 
sunset  did  not  occur  until  17  August,  by  then  leaf 
senescence  had  begun  for  plants  under  all  treatments. 
Therefore,  apical  growth  had  undoubtedly  ceased  by 
mid-August  in  plants  subject  to  24  h  daylength,  and  the 
development  of  dormancy  had  begun.  The  different  light 
quality  environments  had  no  effect  on  Sal ix  arctica 
phenology,  implying  that  a  high  irradiance  response  (HIR)  is 
not  being  used  by  the  plants  to  cue  leaf  fall.  The  HIR  is 
characterized  by  the  induction  of  morphogenic  or  physiologic 
changes,  mediated  through  phytochrome,  by  extended  periods 
of  irradiance.  On  the  other  hand,  the  marked  effect  of  short 
days  in  accelerating  leaf  senescence  indicates  that  the  low 
energy  phytochrome  system  may  be  involved,  possibly  through 
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a  threshold  mechanism.  Previous  work  involving  night-breaks 
with  red  and/or  far-red  light  during  dormancy  induction  by 
short  days  has  shown  a  red/far-red  reversibi 1 i ty  of  effects 
(Williams  et  al.  1972,  Vince-Prue  1975).  Day  extension 
experiments  with  red  and  far-red  light  have  shown  similar 
results  (McKenzie  et  al.  1974a,  Vince-Prue  1975).  Since 
reversibility  of  effects  is  a  characteristic  of  the  low 
energy  phytochrome  system,  the  results  of  these  workers 
indicate  that  it  may  be  this  system  that  is  mediating  the 
short  day  response. 

Even  if  leaf  fall  and  dormancy  can  be  induced  by  short 
days  through  phytochrome  mediation,  this  mechanism  is 
obviously  not  the  one  used  by  the  plant  under  natural 
conditions  at  75°N.  Other  species  have  been  found  (e.g. 
Liquidambar  styraciflua  and  Aesculus  hi ppocastanum)  in  which 
dormancy  is  accelerated  by  short  days,  but  is  still 
eventually  attained  under  long  days  (Downs  and  Borthwick 
1956,  Vince-Prue  1975).  This  appears  to  be  the  case  for 
Sal ix  arctica.  The  question  of  photosynthate  depletion  as  a 
factor  in  the  observed  short  day  response  on  True  love  was 
addressed  in  an  earlier  section.  It  is  considered  that 
sufficient  photosynthetical ly  active  light  was  available, 
relative  to  the  other  treatments,  to  allow  enough 
photosynthate  production  for  the  short  day  plants  to 
function  normally. 

A  way  in  which  the  results  of  Fig.  27  can  be  reconciled 
is  presented  in  Fig.  28.  The  hypothetical  daily  changes  in  0 
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are  shown  for  natural  light  and  the  -red  light  treatment. 
These  were  obtained  by  applying  the  relationship  between 
quantum  flux  ratio  and  phytochrome  photoequilibrium  from 
Smith  and  Holmes  (1977)  to  the  predicted  zeta  values  for  6 
August  (Fig.  14).  Superimposed  on  these  is  the  probable 
decrease  in  0  occurring  in  short  day  plants  as  their  time  in 
darkness  increases  (Holmes  and  Wagner  1980).  It  can  be  seen 
that  a  much  lower  phytochrome  photoequilibrium  may  be 
obtained  during  16  h  of  darkness  than  during  daylight,  since 
even  at  low  solar  elevations  and  through  a  -red  filter  the 
sun  is  an  effective  red  light  source,  relative  to  total 
darkness.  In  this  way,  a  very  low  threshold  value  of  Pfr  may 
be  acheived  through  long  nights,  while  the  phytochrome 
photoequilibria  resulting  from  daylight  may  be  too  large  to 
trigger  a  response.  An  alternate  possibility  is  that  it  is 
the  rate  of  change  in  0  which  is  important  (Holmes  and  Smith 
1977a,  Holmes  and  Wagner  1980).  The  covering  of  the  plant  in 
effect  "turns  off"  the  red  light  (the  sun)  and  results  in  a 
rapid  drop  in  the  phytochrome  photoequilibria  (Smith  1975, 
Holmes  and  Wagner  1980).  Pfr  disappearance  (through  decay 
and/or  reversion)  has  a  half-life  ranging  from  between  30 
min  and  3  h.  Temperature  is  an  important  factor  in  the  rate 
of  disappearance  (Frankland  1972).  It  is  clear  that  within  a 
short  time  after  onset  of  darkness  the  Pfr  level  can  fall  to 
a  low  level,  implying  a  rapid  rate  of  change  in  0.  In 
addition,  a  very  rapid  increase  in  0  occurs  with  the 
uncovering  of  plants  as  the  red  light  is  "turned  on"  (Fig. 
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28).  Phytochrome  phototransformation  Kinetics  indicate  an 
establishment  of  phytochrome  photoequilibria  10-15  s  after  a 
shift  in  zeta  (Smith  and  Holmes  1977,  Holmes  1975  in  Holmes 
and  Wagner  1980).  The  rate  of  change  in  0  in  going  from 
darkness  to  light  would  be  greater  than  any  naturally 
occurring  rates  found  during  the  growing  season  at  75° N. 

It  is  possible  that  the  response  of  Sal ix  arctica  to 
short  days  is  a  "relict"  system  within  the  plant;  one  which 
was  adaptive  to  its  genetic  ancestors  which  grew  at  lower 
latitudes,  and  may  still  be  operational  in  lower  latitude 
alpine  populations  of  S.  arctica.  It  most  certainly  occurs 
at  lower  latitudes  in  other  Sal ix  species  (Alvim  1973  in 
Alvim  et  al.  1979,  Juntilla  1976,  Juntilla  1980a, b).  At  high 
latitudes,  the  absence  of  sufficiently  short  days  (ie. 
correct  Pfr  threshold)  before  the  occurance  of  lethal 
temperatures  would  make  the  system  unadaptive  and  likely 
fatal  to  plants  which  relied  on  it.  It  is  apparent  from  the 
failure  of  the  light  quality  treatments  to  induce  early 
senescence  and  dormancy  that  an  upward  shift  of  the  Pfr 
threshold  has  not  occurred  in  high  arctic  populations,  there 
is  evidence  that  some  kind  of  internal  regulation,  which  may 
involve  an  endogenous  rhythm  (Banning  1973),  is  operative. 
This  is  seen  in  the  phenology  of  Sal ix  plants  growing  on  the 
beach  ridge  crest,  upslope  from  the  study  site. 

A  small  group  of  3  or 4  Sal ix  arctica  plants  on  the 
ridge  crest  were  watered  daily  from  9  duly  to  the  end  of 
their  growing  season.  This  was  done  to  insure  adequate 
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moisture,  as  some  workers  have  reported  drought  as  a  factor 
responsible  for  early  growth  cessation  (Zahner  et  al.  1964, 
Perry  1971).  Despite  daily  watering,  leaf  senescence  in 
these  plants  began  in  late  duly  at  approximately  the  same 
time  as  the  SD  plants  (Fig.  27).  Some  of  the  other, 
unwatered,  individuals  of  Sal ix  on  the  beach  ridge  began 
leaf  yellowing  at  the  same  time,  suggesting  either  that 
moisture  was  not  a  controlling  factor  for  these  plants,  or 
that  the  degree  of  watering  was  insufficient  to  prevent 
water  stress  induced  dormancy.  By  mid-August,  the  watered 
plants  in  the  beach  crest  had  completed  leaf  senescence, 
while  the  lower  leaves  on  the  control  plants  near  the  slope 
base  were  just  beginning  to  yellow;  a  difference  of  ca .  17 
d.  Both  sets  of  plants  experienced  very  similar  radiation 
and  temperature  environments,  and  in  the  absence  of 
differences  in  water  stress,  the  time  of  snow  release  (and 
emergence  from  dormancy)  remains  as  the  major  difference 
between  the  two  groups. 

The  mean  time  period  between  bud  break  and  the  first 
signs  of  leaf  senescence  in  the  control  plants  was  38  d.  In 
the  -blue,  -red,  and  short  day  plants  it  was  40,  35  and  25 
d,  respectively.  Only  one  of  the  three  neutral  density 
plants  had  begun  to  senesce  when  seasonal  observations  were 
ended  44  d  after  bud  burst.  If  all  but  the  short  day  results 
are  combined,  the  mean  period  between  bud  break  and 
senescence  is  40  d.  Using  this  value  one  can  extrapolate 
back  to  the  approximate  point  at  which  the  ridge  crest 
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plants  began  seasonal  growth.  This  40  d  period  may  be 
shorter  or  longer  some  years  depending  on  how  temperature 
affects  the  hormonal  interactions  which  are  presumably 
involved  in  the  endogenous  rhythm. 

In  the  present  case,  40  d  prior  to  27  July  is  17  June. 
Although  1978  phenological  observations  did  not  begin  until 
2  July,  more  complete  records  from  Truelove  are  available 
from  previous  years.  Svoboda  (1977)  reported  snow  melt  on 
the  Base  Camp  raised  beach  crest  to  have  occurred  on  18  June 
and  13  June  during  1970  and  1971,  respectively.  Sal ix  leaf 
bud  break  occurs  5-7  d  (this  study)  or  7-10  d  (Svoboda  1974) 
after  snow  release.  This  wide  range  of  time  leaves  17  June 
as  a  very  plausible  date  for  leaf  bud  break  in  1978  if  the 
early  portion  of  the  season  was  similar  to  1970  or  1971.  The 
patchiness  of  snow  melt  could  account  for  the  variability 
between  ridge  crest  plants  in  the  emergence  from  dormancy, 
which  would  later  be  manifest  as  the  differences  in  the 
beginning  of  leaf  senescence  mentioned  earlier. 

Other  workers  have  reported  evidence  that  some  arctic 
and  subarctic  species,  including  willow,  exhibit  a 
"biologically  fixed"  (Muc  1977)  growing  season  which 
suggests  an  internal  regulation  of  leaf  senescence  and 
dormancy  onset.  Schulz  (1949  in  Wareing  1956)  found 
subarctic  species  of  Salix,  Batula,  Ribes  and  Vaccinium 
formed  winter  resting  buds  under  continuous  illumination 
while  species  of  those  genera  from  lower  latitudes  could 
not.  Individuals  of  Salix  arctica  transplanted  from  NE 
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Greenland  (70-78°N)  to  Denmark  (ca.  56°N)  and  cultured  there 
for  several  years,  initiated  leaf  senescence  during  June  and 
began  a  new  leafing  after  a  short  rest  period  (Sorensen 
1941).  Muc  (1977)  and  Svoboda  (1977),  working  on  Truelove, 
alluded  to  evidence  for  a  relatively  fixed  actual  growing 
season  (bud  break  to  50%  leaf  coloration),  which  was  species 
specific  and  independent  of  the  potential  growing  season 
(snow  melt  to  mean  temperature  below  0°C).  Hartgerink  found 
evidence  for  the  same  with  Dryas  integrifolia  (Mayo, 
personal  communication).  The  phenological  data  presented 
earlier  tend  to  support  the  concept  of  a  biologically  fixed 
growing  period  for  high  latitude  populations  of  Sal  ix 
arctica.  The  mechanism  of  regulation  is,  presumably,  through 
seasonal  changes  in  the  internal  concentrations  of  hormones 
relative  to  each  other. 


2.  Field  Cold  Hardiness 

a .  Leaves . 

There  appears  to  have  been  little  or  no  effect  of  the 
treatments  on  the  cold  hardiness  of  Sal ix  arctica  leaves 
(Fig.  29).  Between  mid-July  and  mid-August  hardiness  in  the 
leaves  of  the  control  plants  increased  from  a  low  of  -8.4°C 
to  a  maximum  of  -13.8°C.  Trends  among  the  treatments  are  not 
as  clear.  Throughout  the  season  the  plants  subjected  to  a 
-red  environment  ranged  only  slightly  in  hardiness  (2.5°C), 
but  in  an  evenly  fluctuating  pattern.  Cold  tolerance  began 
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Fig.  29.  Effects  of  the  field  treatments  on  the  cold  hardiness  of  Sal ix  arctica 
leaf  tissue.  Abscission  of  leaves  from  short  day  plants  ended  further  testing  of 
those  plants.  Samples  for  each  treatment  were  taken  from  three  plants. 
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at  -8 . 06  C ,  with  an  increase  to  -  1 0 . 3  °  C  at  the  end  of  July, 
and  a  decrease  again  to  -8.0°C  before  the  final  increase  to 
-10.5°C  in  mid-August.  Plants  under  the  neutral  density 
filter  dropped  in  hardiness  from  -11.CTC  in  mid-July  to 
-7.8°C  two  weeks  later,  and  remained  at  that  level 
throughout  the  rest  of  the  sampling  season  (Fig.  29). 

Both  the  -red  and  neutral  density  treatments  resulted 
in  a  seasonal  range  in  cold  tolerance  less  than  that  of  the 
control  plants  (2.5°C  and  3.5°C,  respectively),  and  with  no 
discernible  pattern.  This  suggests  that  the  observed 
variation  resulted  from  limited  resolution  due  to  a  certain 
amount  of  "noise"  in  the  TTC  test  for  this  particular 
tissue.  Steponkus  and  Lanphear  (1967), in  their  original 
refinement  of  the  TTC  method,  stated  that  with  Hedera  helix 
a  standard  error  of  the  mean  (SEM)  of  1.5°C  was  routinely 
achieved.  Based  on  this,  even  with  a  very  large  sample  size 
a  95%  confidence  interval  around  any  point  was  ca.  ±2  SEM  or 
±3.0°C.  To  apply  this  confidence  interval  to  the  present 
case  is  not  statistically  sound,  but  in  the  absence  of  the 
means  to  derive  a  confidence  interval  from  the  field  data, 
it  can  serve  at  least  as  a  rough  measure  of  the  resolution 
of  the  TTC  test  and  as  a  guideline  to  aid  in  the  decision  of 
significant  differences.  Therefore,  no  resolution  of  the 
lethal  temperature  better  than  ±3°C  can  be  expected  with 
willow  leaf  tissue.  The  same  also  holds  for  stem  tissue. 

If  this  criterion  is  applied  to  the  remaining  two 
treatments  (-blue  and  short  days),  there  is  some  evidence 
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for  a  real  change  in  leaf  cold  hardiness.  From  mid-July  to 
the  beginning  of  August  (2  weeks),  the  leaf  cold  hardiness 
of  the  short  day  plants  decreased  from  -12.9‘C  to  -6.4'C. 
Plants  subject  to  the  -blue  treatment  decreased  in  hardiness 
from  -9.1°C  in  mid-July  to  -5.8°C  two  weeks  later,  and  then 
increased  to  -12.9°C  by  the  last  sampling  (Fig.  29).  In  both 
cases  a  net  change  of  >6°C  occurred  over  a  period  of  two 
weeks . 

The  initially  high  cold  tolerance  of  the  SD  treated 
leaves  and  the  subsequent  sharp  drop  may  have  resulted  from 
a  conflict  between  processes  involved  in  leaf  growth  and 
expansion,  and  the  process  of  leaf  senscence.  Actively 
expanding  leaves  import  assimilates  (Salisbury  and  Ross 
1978)  and  this  results,  for  a  time,  in  higher  cell  solute 
concentrations  than  the  mature  leaf.  Also,  during 
senescence,  the  solute  content  of  the  leaves  increases  as 
the  breakdown  of  more  complex  compounds  occurs  and  their 
translocation  to  perennating  structures  (e.g.  roots,  stems, 
buds)  takes  place  (Oland  1963,  Zimmerman  1964,  Pate  1975, 
Beevers  1976).  As  well,  many  studies  have  shown  the  presence 
of  osmotically  active  cell  solutes  to  result  in  a  depression 
of  the  freezing  point  to  about  -5°C  to  -7°C,  and  in 
exceptional  cases  to  -10°C  to  -12°C  (Sakai  1962  in  Levitt 
1972,  Levitt  1972,  Larcher  et  al.  1973).  If  solute 
translocation  was  occurring  in  the  short  day  plants  from 
mid-  to  late  July,  an  increase  in  leaf  freezing  tolerance 
may  have  resulted  from  the  temporarily  higher  solute 
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concentrations  (e.g.  amino  acids)  in  the  leaf.  It  is  evident 
that  senescence  was  induced  abnormally  early  in  the  SD 
plants  (Fig.  27)  and  it  is  possible  that  opposing  processes 
were  occurring  in  the  plants.  On  the  one  hand,  the  normal 
sequence  of  leaf  development,  beginning  with  bud  break, 
involves  influx  of  solutes.  At  the  same  time,  the  shortened 
photoperiod  induced  the  onset  of  senescence  which  involves 
the  efflux  of  solutes.  Whether  the  efflux  and  influx  of 
solutes  were  occurring  concomi t tant ly  is  unknown,  but  either 
alone  or  both  together  may  explain  the  increased  freezing 
tolerance  1-2  weeks  before  the  first  visible  signs  of 
yellowing.  The  apparent  decline  in  hardiness  at  the  end  of 
July  may  have  resulted  from  either  a  loss  in  ability  of  the 
leaf  to  withstand  otherwise  tolerable  low  temperatures,  or 
the  failure  of  the  TTC  test  to  remain  an  accurate  indicator 
of  hardiness.  Both  features  could  be  a  result  of  the  changes 
in  metabolism  known  to  occur  in  senescing  leaves.  This 
includes,  at  least  in  the  later  stages  of  senescence,  a 
decline  in  the  respiration  rate  (Beevers  1976).  Because  TTC 
can  act  as  an  electron  acceptor  for  the  various 
dehydrogenases  in  the  tr icarboxcyl ic  acid  cycle,  a  decrease 
in  respiration  would  result  in  a  decreased  reduction  of  the 
dye. 

With  respect  to  the  -blue  treatment  it  is  difficult  to 
account  for  a  drop  in  frost  tolerance  as  a  result  of  an 
environment  deficient  in  blue  light  (Fig.  29).  It  is 
probable  that  the  observed  changes  (from  -9.1°  to  -5.8°C) 


- 


'  lenr  foil 


■ 


104 


are  simply  variations  around  a  relatively  stable  value  of 
ca.  -7.0  to  -8.0*C.  However,  the  apparent  rise  in  tolerance 
to  -12.9°C  may  be  a  result  of  the  beginning  of  natural  leaf 
senescence.  The  same  is  probably  true  of  the  similar 
increases  seen  in  the  control  (-13.8°C)  and  -red  treated 
(-10.5*0  plants.  These  increases  in  hardiness  coincided 
with  the  visible  onset  of  senscence,  unlike  the  case  with 
the  SD  plants  where  a  decline  in  hardiness  occurred  with 
visible  leaf  yellowing.  The  conflicting  processes  which  may 
have  been  occurring  in  the  SD  plants  may  offer  an 
explanation  for  the  differences  between  these  two  sets  of 
plants . 

As  mentioned  above,  an  increase  in  the  cell  solute 
concentrations  associated  with  senescence  may  confer  an 
additional  amount  of  hardiness  in  the  form  of  freezing 
avoidance  through  freezing  point  depression.  While  the 
accumulation  of  amino  acids  during  leaf  senescence  is  well 
established  (Beevers  1976),  total  amino  acid  content  has  not 
been  consistently  related  to  increased  frost  tolerance 
(Levitt  1972).  But  the  fact  that  it  has  been  reported  by 
some  investigators  (Wilding  et  al .  1960,  Paulsen  1968)  and 
that,  in  particular,  the  amino  acid  proline  has  been  found 
by  some  to  accumulate  in  hardening  tissue  (Parker  1958, 
Durzan  1968,  Levitt  1972),  at  least  allows  for  the 
possibility  that  the  depressed  killing  temperature  may  have 
been  related  to  the  amino  acid  content  in  the  senescing 
willow  leaves.  Russel  (1940)  studied  seasonal  changes  in  the 
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carbohydrate  content  of  Oxyria  digyna  on  Jan  Mayen  Island. 

He  found  a  considerable  increase  in  the  sugar  content  in  the 
aboveground  tissue  and  suggested  a  relationship  to  cold 
hardiness.  A  test  on  31  July  of  the  remaining  green  leaves 
of  the  ridge  crest  plants,  which  were  two  weeks  ahead  of 
those  at  the  slope  base,  resulted  in  a  LT  50  of  -14.0°C,  and 
supports  the  above  contentions. 

Plants  under  the  neutral  density  regime  displayed  no 
evidence  of  an  increase  in  hardiness  in  mid-August  like  that 
found  in  the  other  plants  (Fig.  29).  From  Fig.  27  it  is 
apparent  that  the  process  of  leaf  senescence  in  these  plants 
was  later  than  in  the  other  treatments.  Therefore,  the 
accumulation  and  export  of  amino  acids  may  have  not  yet 
begun  to  any  significant  degree  by  the  time  of  the  last  cold 
hardiness  sampling  (14  August).  Hence,  an  increase  in  frost 
tolerance  would  not  be  evident,  and  this  was  found  to  be  the 
case . 

With  the  exception  of  the  short  day  treatment,  the  mean 
seasonal  LT  50  for  each  set  of  plants  was  determined.  The 
results  from  the  final  sampling  date  were  excluded  in  the 
case  of  the  control ,  -blue  and  -red  treatments  because  the 
effects  of  increased  cell  solutes  may  have  been  involved. 
Based  on  these  data,  the  mean  killing  temperature  (±SEM)  for 
the  leaves  of  the  control,  -red,  -blue  and  neutral  density 
plants  was  -9.8±.6°,  -8.7±.5°,  -7.8±.7°  and  -8.6±.8°C; 
respectively  (from  Fig.  29;  n=4).  The  largest  mean 
difference  between  any  two  groups  is  2°C  ,  and  given  the 
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resolving  power  of  the  TTC  test  it  can  be  concluded  that 
these  differences  are  not  significant.  If  all  the  groups 
(excepting  short  days)  are  pooled,  the  mean  value  for  the 
cold  hardiness  of  arctic  willow  leaves  is  -8.6±.4°C.  The 
effect  of  short  days  appears  to  have  been  indirect,  through 
acceleration  of  senescence. 

It  is  not  surprising  to  find  that  the  treatments  had  no 
effects  on  the  cold  hardiness  of  willow  leaves.  There  is  no 
advantage  to  deciduous  leaves  becoming  cold  hardy  in 
response  to  changes  in  light  quality.  Instead  they  generally 
act  as  receptors  of  a  cue  and  source  of  trans locatable 
factors  which  move  to  the  stem  and  prepare  perennating 
structures  for  conditions  in  the  weeks  ahead  which  are 
lethal  to  tissue  in  an  active  state  of  growth.  The  leaves 
are  shed  well  before  severely  cold  conditions  set  in,  as 
part  of  the  preparation.  Although  there  may  be  periods  of 
mild  frost  at  any  time  during  the  growing  season  in  the  High 
Arctic,  the  unpredictability  of  frost  precludes  any 
environmental  cue  other  than  temperature  from  being  useful 
as  a  warning.  This  response  to  temperature  would  need  to  be 
quite  rapid  to  avoid  damage.  However,  air  temperatures 
rarely  drop  below  -5°C  during  the  growing  season  at  these 
latitudes,  and  the  degree  of  summer  hardiness  found  for 
Sal ix  arctica  is  probably  more  than  adequate. 

The  leaf  cold  hardiness  was  not  determined  during  the 
controlled  environment  portion  of  the  study,  but  the  results 
of  determining  the  correlation  between  TTC  reduction  and 
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leaf  disk  survival  (Fig.  3)  afforded  a  direct  check  on  the 
field  observations.  Plants  used  in  deriving  the  correlation 
were  grown  under  a  16  h/12°C  8  h/4°C  regime  with  continuous 
light.  Under  these  conditions  a  cold  hardiness  of  -7°C  was 
determined  directly  from  leaf  disk  survivorship  results. 

This  value  is  slightly  lower  than  the  field  results  (-8.6*0 
but  within  the  range  of  resolution  of  the  TTC  test. 

The  results  of  this  study  compare  favorably  with  those 
of  other  workers  if  the  the  different  testing  conditions  are 
taken  into  account.  Biebl  (1967)  reported  the  cold 
resistance  of  Betula  nana  and  Sal ix  glauca  leaves  at 
Godhavn,  Greenland  (latitude  69°N)  to  be  -4°C  for  both 
species.  After  17  days  of  short  day  (8  h)  treatment  the  cold 
hardiness  of  B.  nana  increased  to  -6°C  while  Sal ix  remained 
unchanged.  Premature  leaf  coloring  (red  for  Betula;  yellow 
for  Sal ix)  was  noted  in  both.  Biebl  (1968)  also  studied  the 
July  frost  tolerance  of  20  arctic  species  from  Godhavn,  and 
found  the  leaves  of  most  plants  to  be  killed  or  greatly 
damaged  at  temperatures  between  -5°  and  -10°C  (see 
Introduction).  Sal ix  pauci flora,  a  prostrate  willow  native 
to  the  alpine  of  northern  Japan,  was  found  to  survive  leaf 
temperatures  from  -5°  to  -9*C,  with  slight  to  moderate 
browning  (Sakai  and  Otsuka  1970). 

While  the  results  of  these  studies  were  similar  to  this 
work,  some  of  the  discrepancies  may  be  due  to  differences  in 
the  method  of  injury  assesment  and  to  differences  in 
definition.  Biebl  (1967)  held  the  tissue  at  each  test 
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temperature  for  24  h  before  thawing  at  room  temperature  and 
observing  the  degree  of  injury  after  3-5  days.  He  considered 
the  "resistance  limit"  to  have  occurred  if  the  amount  of 
injury  exceeded  5-10%.  Similarly,  survival  of  Sal ix 
pauci flora  was  based  on  a  visual  browning  test;  normal, 
slight,  medium  or  Killed.  Freezing  resistance  was  reported 
as  the  lowest  temperature  at  which  no  injury  occurred  (Sakai 
and  Otsuka  1970).  In  contrast,  Sal ix  arctica  shoots  from 
Truelove  were  stressed  at  a  rate  of  decreasing  temperature 
of  -4°C  h~ 1  and  assesment  of  survival  was  ultimately  based 
on  the  50%  survival  of  leaf  disks  floated  on  Hoagland's 
solution.  Thus,  the  two  previous  workers  were  more 
conservative  in  their  estimation  of  survival. 

Visual  assesment  of  survivorship  is  fairly  subjective 
and  the  post  -  treatment  conditions  were  probably  not  as 
favorable  in  the  two  previously  mentioned  studies  as  in  this 
one.  It  seems  likely  that  leaf  disks  floating  on  a  nutrient 
rich  medium  with  high  ( 3 0 ° C )  temperature  and  constant  light 
will  continue  to  live  longer  than  leaves  still  attatched  to 
the  plant  and  maintained  at  room  temperature  (Biebl  1967)  or 
in  a  greenhouse  (Sakai  and  Otsuka  1970).  If  this  is  so,  then 
the  leaf  disk  method  would  tend  to  overestimate  leaf  cold 
hardiness  relative  to  the  temperature  that  field  plants 
could  survive,  given  that  post  -  treatment  conditions  in  the 
field  are  less  than  ideal.  The  use  of  intact  plants  by  Biebl 
(1967)  and  Sakai  and  Otsuka  (1970)  may  have  approximated 
natural  conditions  more  closely,  and  therefore  may  be  closer 
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to  estimating  actual  field  survival  temperatures,  despite 
the  subjectivity  of  the  visual  browning  test. 

On  the  other  hand,  both  studies  used  more  rigorous 
definitions  for  "freezing  resistance".  If  the  temperature  at 
which  50%  of  the  tissue  is  dead  is  taken  as  defining  the 
cold  hardiness  or  freezing  resistance,  rather  than  5-10% 
prominent  injury  or  no  injury,  then  the  survival 
temperatures  of  the  leaves  of  the  willows  from  Greenland  and 
Japan  would  very  likely  drop  to  near  the  -7°  to  -9°C  found 
in  this  study.  An  additional  point  is  that  Sakai,  using  the 
same  "injury  free"  definition  of  resistance  as  earlier, 
found  the  freezing  resistance  of  Sal ix  rotund  if ol ia  from 
Barrow,  Alaska  ( 7 1  *  N )  to  be  "about  -5°C"  in  late  July  (Sakai 
and  Otsuka  1970).  He  did  not  state  whether  it  was  leaf  or 
stem  tissue.  If  it  was  leaf  tissue,  the  above  "correction" 
for  definition  would  put  the  results  into  the  same 
temperature  range  as  arctic  willow. 

b.  Stems. 

Although  the  majority  of  the  field  work  dealt  with  the 
cold  hardiness  of  leaves,  some  stem  tissue  was  tested  near 
the  end  of  the  season.  Plants  from  the  beach  ridge  crest 
were  compared  with  plants  growing  in  the  beach  ridge-meadow 
transition  zone,  with  the  goal  of  determining  whether 
differences  in  phenology  correlated  with  different  degrees 
of  stem  cold  hardiness.  Plants  from  the  ridge  crest  had 
significant  signs  of  leaf  senescence  (yellowing)  at  the  time 
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of  the  first  cold  hardiness  test  (31  July)  and  were  entirely 
yellow  by  the  last  test  (15  August).  The  transition  zone 
plants  had  very  little  or  no  yellowing  by  15  August.  The 
results  indicate  that  an  increase  in  hardiness  accompanies 
the  onset  of  leaf  senescence  and  the  development  of  dormancy 
(Fig.  30) . 

Willow  from  the  ridge  crest  maintained  a  fairly 
constant  and  high  level  of  stem  cold  hardiness,  with  values 
that  ranged  from  between  -26°  to  -28°C.  Plants  in  the 
transition  zone  appeared  to  be  hardy  to  -15°  or  -18°C, 
except  for  one  anomolously  high  value  of  <-25°C  in  early 
August  (Fig.  30).  It  is  difficult  to  account  for  this  latter 
point  since  there  were  no  significant  changes  in  the 
environment  at  this  time  which  might  temporarily  increase 
hardiness.  There  was,  however,  a  fair  amount  of  variation  in 
absorbance  values  at  the  0°C  (control)  temperature  in  this 
particular  test,  and  it  is  likely  that  the  mean  value  was 
not  accurately  representing  the  actual  activity  of  the 
tissue  at  that  temperature.  The  -5°  and  -10’C  stressed 
tissue  showed  much  higher  activity  relative  to  the  control 
(122%  and  108%,  respectively).  Therefore,  due  to 
uncertainty,  the  9  August  value  was  ignored  and  the 
hardiness  level  during  early  to  mid-August  was  taken  to  be 
between  -15°  and  - 1 8 * C  for  transition  zone  willow. 

Since  transition  zone  plants  lag  behind  the  ridge  crest 
willow,  phenological ly ,  by  approximately  three  weeks,  the 
stage  in  the  seasonal  cycle  of  activity  appears  to  affect 
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the  level  of  stem  cold  hardiness  in  arctic  willow.  There  is 
some  evidence  that  cold  acclimation  is  infuenced  by  internal 
rhythms  alone  (Howell  and  Weiser  1970)  or  rhythms  along  with 
photoperiod  and/or  temperature  (Schwarz  1970,  Siminovitch  et 
al.  1967,  McKenzie  et  al.  1974a,  Harrison  et  al.  1978a). 
While  the  discussion  of  the  involvement  of  endogenous 
factors  in  the  cold  acclimation  of  Sal ix  arctica  is  deferred 
to  the  results  of  the  lab  studies,  the  question  of  the 
effect  of  water  stress  on  cold  hardiness  is  relevant  here. 

Water  stress  has  been  shown  to  increase  cold  hardiness 
in  apple  roots  (Wildung  et  al.  1973)  and  Cornus  stolon  if era 
stems  (Li  and  Weiser  1971,  Chen  et  al.  1975,  Chen  et  al. 
1977).  In  the  latter  species,  water  stressed  plants  under 
either  long  day  (16  h)  or  short  day  (8  h)  photoperiods 
showed,  after  21  days,  an  increase  in  stem  frost  hardiness 
of  8°  to  10°C  relative  to  the  controls  (Parsons  and  Li 
1979).  Beach  ridge  crests  on  Truelove  have  been  shown  to  be 
particularly  low  in  soil  moisture,  especially  as  the  growing 
season  progresses  and  the  water  from  snow  melt  is  lost 
through  evapotranspi rat  ion  (Svoboda  1974,  Svoboda  1977). 
Plants  on  beach  ridge  crests  have  often  been  found  to  have 
extremely  low  leaf  water  potentials  (e.g.  -2.5  to  -3.5  MPa 
for  Dryas  integrifol ia)  (Addison  1977b).  Moisture  conditions 
in  the  sedge  meadow,  near  the  transition  zone,  are  very 
favorable  to  plant  growth  throughout  the  growing  season  (Muc 
1977)  and  leaf  water  potentials  of  Carex  stars  remained  near 
-1  MPa  (Addison  1977b).  Hence,  the  ridge  crest  plants  may 
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have  experienced  water  stress  which  could  have  caused  an 
increase  in  stem  cold  hardiness  relative  to  the  transition 
zone  plants.  Although  tissue  samples  from  the  ridge  crest 
were  largely  chosen  from  the  plants  receiving  daily  watering 
(see  Phenology),  it  is  not  Known  whether  the  amount  of  water 
applied  each  day  was  sufficient  to  avoid  stress.  Since  no 
further  work  was  done  in  this  area,  it  is  unclear  whether 
cold  hardiness  is  induced  by  water  stress  in  Sal ix  arctica 
and  adds  to  the  apparent  natural  increase  which  occurs  as 
dormancy  begins. 


3.  Controlled  Environment  Phenology 

Only  the  short  day  treatment  had  any  apparent  effect  on 
the  phenology  of  Sal ix  arctica  (Fig.  31).  Since  all  plants 
were  Kept  under  control  conditions  (10°C/3°C)  until  leaf 
expansion  was  complete,  the  treatments  were  only  able  to 
visibly  effect  leaf  senescence.  Plants  under  short  days 
showed  the  first  signs  of  leaf  yellowing  11  days  after  the 
treatment  was  begun,  while  plants  subject  to  the  remaining 
treatments  began  to  senesce  4  days  later  (Fig.  31). 
Senescence  also  occurred  more  rapidly  under  short  days,  with 
completion  (100%  yellowing)  15  days  after  initiation.  The 
control  and  frost  treatments  took  20  days  for  the  same 
process . 

The  process  of  senescence  appeared  to  be  drawn  out  in 
plants  subjected  to  a  far-red  night  (Fig.  31).  If,  for  leaf 
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Fig.  31.  Effects  of  the  laboratory  treatments  on  the  phenology  of  Sal ix  arctica. 
Leaf  expansion  for  all  plants  occurred  under  control  conditions,  and  plants  were 
subsequently  transferred  to  the  appropriate  treatment. 
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senescence,  a  period  of  far-red  light  can  substitute  for  the 
period  of  inductive  darkness,  as  it  does  in  some  flowering 
plants  (Cumming  1969),  then  the  results  are  the  reverse  of 
the  predictions.  However,  of  the  four  far-red  treated 
plants,  one  had  an  anomolously  delayed  rate  of  senescence 
relative  to  the  other  three.  Even  after  changing  conditions 
to  a  7 0  C/0  °  C  prehardening  cycle  this  plant  still  retained 
ca.  50%  green  leaves,  while  all  the  plants  from  the  other 
treatments  were  100%  yellow.  If  this  one  plant  is  ignored 
the  time  of  100%  yellowing  in  the  far-red  treatment  occurred 
at  about  the  same  time  as  the  controls. 

There  still  remains  a  discrepancy  between  the  results 
of  the  far-red  treatment  and  short  day  treatment,  since 
senescence  was  not  accelerated  in  the  former  as  in  the 
latter.  Far-red  light  (zeta=0.57)  was  ineffective  as  a 
substitute  for  the  inductive  dark  period  of  the  short  day 
treatment.  Possibly  zeta  was  not  low  enough  or  the  period  of 
treatment  was  not  long  enough.  Cumming  (1969)  found  that 
when  the  dark  periods  were  substituted  with  far-red  light 
(zeta=0.41)  72  h  rather  than  12  h  were  required  to  obtain 
the  same  percentage  flowering.  In  the  present  case,  the 
short  days  only  advanced  senescence  by  about  4  or  5  days, 
and  natural  senescence  may  have  begun  before  changes  induced 
by  far  red  light  could  be  seen. 

Therefore,  the  above  data  support  a  phytochrome- 
mediated  induction  of  leaf  senescence  triggered  by  short 
days,  as  suggested  by  the  field  results.  However,  in  the 
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field,  the  short  day  plants  began  to  senesce  15  days  before 
the  controls,  while  only  4  days  separated  short  day  and 
control  plants  in  the  controlled  environment.  Also,  in  the 
field  the  first  signs  of  leaf  yellowing  occurred  20  days 
after  the  short  day  treatment  had  begun,  compared  to  11  days 
in  the  controlled  environment.  These  results  reflect  the 
different  times  during  the  growing  season  when  the 
treatments  were  initiated,  and  indicate  that  short  day 
induced  senescence  will  not  begin  until  a  certain 
developmental  stage  is  reached.  Even  though  the  field 
treatment  began  soon  after  bud  break,  senescence  did  not 
start  until  about  6  days  after  leaf  expansion  had  finished. 
Since  the  stimulus  (short  days)  had  been  present  all  along 
(20  days),  this  may  mark  the  earliest  time  in  development 
when  the  potential  for  phytochrome-mediated  senescence 
occurs.  It  appears  that  the  completion  of  leaf  expansion  is 
necessary  before  the  plant  is  completely  responsive  to  the 
short  day  stimulus.  The  controlled  environment  results, 
however,  suggest  that  some  internal  changes  during  leaf 
development  occur  when  short  days  are  given  during  leaf 
expansion.  Plants  under  continuous  light  during  expansion 
required  11  days  of  short  days  (vs.  6  days  in  the  field) 
after  completion  of  expansion  before  yellowing  began.  It  may 
also  be  for  this  reason  that  only  4  days  separated  the 
beginning  of  senescence  under  short  days  and  control 
treatments  in  the  lab,  while  the  field  control  plants  lagged 
20  days  behind  the  short  day  treated  plants. 
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Evidence  for  an  endogenously  controlled  cycle  of 
dormancy  and  growth  was  obtained  with  3  plants  maintained 
under  continuous  light  and  warm  temperatures  for  10  mon. 
During  this  time  all  3  plants  went  through  2  cycles  of 
growth  and  dormancy,  with  the  periods  of  activity  much 
longer  and  the  periods  of  inactivity  much  shorter  than 
normally  occurs  in  the  field.  After  21  short  days  at  1°C, 
the  plants  were  placed  under  continuous  light  at  18°C  for  2 
mon.  The  temperature  was  then  lowered  to  14°C.  From  the 
initiation  of  the  high  temperatures,  the  plants  grew  for  5-7 
mon,  after  which  the  leaves  senesced.  Often  leaf  senescence 
did  not  proceed  in  the  "normal"  way  (green  to  yellow),  but 
became  brownish  and  necrotic  directly  from  the  green  state. 
After  2-4  wKs  of  dormancy,  bud  break  occurred  (temperature: 
10°  to  12° C)  and  a  new  activity  period  ensued  for  ca .  4  mon. 
Unlike  the  previous  period,  bud  break  began  before  all  the 
older  leaves  were  completely  senescent. 

The  performance  of  the  plants  under  the  growth  chamber 
conditions  tends  to  support  the  conclusions  reached  from  the 
field  experiments. 


4.  Lab  Cold  Hardiness 
a .  Stem. 

Sal  ix  arctica  maintained  in  a  dormant  state  at  -10°C 
for  seven  months  survived  liquid  nitrogen  after  slow  cooling 
from  -10°C  to  -25°C  at  40h_1  (Fig.  32).  Similar  results  have 
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Fig.  32.  Effects  of  laboratory  treatments  on  the  cold 
hardiness  of  Sal ix  arctica  stem  tissue.  Arrows  indicate  a 
hardiness  level  greater  than  the  lowest  temperature  tested. 
The  x-axis  shows  the  number  of  days  after  the  beginning  of 
above  freezing  air  temper atures . 
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been  reported  for  other  deciduous  woody  plants  such  as 
Cornus  stolonifena  (Harrison  et  al.  1978b),  Betula 
platyphyl la  and  Sal ix  sacha 1 inens is  (Sakai  1973).  In  these 
previous  cases,  slow  prefreezing  to  -15°  or  -20°C  allowed 
the  tissue  to  survive  rapid  freezing  to  -150°  or  -196°C.  In 
Sal ix  arctica  this  level  of  hardiness  was  quickly  lost  as 
active  growth  (bud  break  and  leaf  expansion)  began.  During 
leaf  expansion,  the  LT  50  for  stem  tissue  was  around  -13.5°C 
(Fig.  32).  There  appeared  to  be  little  change  up  to  the 
beginning  of  leaf  senescence  (44  days)  after  bud  break  where 
stem  hardiness  was  near  -10°C.  Within  two  weeks  frost 
hardiness  of  the  control  plants  increased  to  below  -20°C 
without  any  change  in  the  light  or  temperature  environment. 
At  this  time  ca.  50%  leaf  yellowing  had  occurred. 

The  short  day  and  far-red  treatments  appeared  to  hasten 
the  natural  increase  in  hardiness  by  at  least  two  weeks 
(Fig.  32).  Plants  under  these  two  regimes  became  frost 
tolerant  to  below  -15°C  while  exposed  to  above  freezing 
temperatures .  Willow  exposed  to  a  short  frost  at  night  was 
similar  in  hardiness  to  the  controls  over  the  period  tested. 

The  minimum  natural  increase  in  stem  cold  hardiness 
near  the  end  of  the  growing  season  of  between  7-10°C  in 
arctic  willow  supports  the  contentions  of  other  workers  that 
endogenous  rhythms  are  involved  in  cold  acclimation  in  at 
least  some  species.  Howell  and  Weiser  (1970)  found  a  slight 
increase  (5'C)  in  the  cold  hardiness  of  apple  under 
noninduct ive  conditions  of  long  days  and  warm  tmperatures. 
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They  interpreted  this  as  being  associated  with  an  endogenous 
growth  cycle  or  changes  in  environmental  stimuli  other  than 
temperature  or  daylength.  Siminovitch  et  al.  (1967,  1975) 
suggested  that  the  biochemical  (increases  in  phospholipids, 
soluble  protein  and  RNA  content)  and  structural  (cell 
membrane  augmentation)  changes  that  occur  during  autumn  cold 
hardening  in  Robin ia  pseudoacacia ,  are  due  to  either 
seasonal  rhythms  and/or  photoperiod.  Schwarz  (1970) 
concluded  that  internal  rhythms  control  freezing  tolerance 
in  Pinus  cembra  and  Rhododendron  ferruginum.  Supporting  this 
are  results  from  Cornus  stolon  if era.  Harrison  et  al.  (1978a) 
reported  that  during  July  through  August  frost  treatment 
given  after  short  days  was  unable  to  increase  cold 
acclimation  in  dogwood  past  the  -17°C  induced  by  short  days 
alone.  During  September  and  later  months  the  same  treatments 
increased  tolerance  to  below  -80°C. 

The  observed  increase  in  stem  cold  hardiness  of  arctic 
willow  may  have  been  due  to  one  of  at  least  two  processes 
involving  rhythms.  Firstly,  an  endogenous  rhythm,  completely 
independent  of  the  action  of  any  external  stimuli,  may  begin 
with  spring  growth  and  after  a  set  number  of  days  trigger 
internal  changes  which  result  in  hardening.  A  second, 
related,  possibility  is  that  an  endogenous  rhythm  may 
control  the  plant's  responsiveness  to  certain  environmental 
stimuli  (e.g.  temperature)  such  that  its  occurence  at  the 
end  of  the  year  results  in  increased  hardening,  while  the 
same  stimulus  received  early  in  the  year  has  no  effect. 
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The  second  view  is  supported  by  results  from  this  study 
and  others.  Neither  the  short  day  nor  far-red  treatments 
would  have  caused  a  significant  increase  in  hardiness 
earlier  than  the  natural  hardening  if  an  endogenous  rhythm 
completely  independent  from  external  stimuli  was  operative. 
As  well,  it  is  likely  that  the  FR  and  SD  treatments  affected 
the  plants  through  a  similar  phytochrome-mediated  process, 
as  suggested  for  phenology  (see  Phenology  sections).  Cumming 
(1969)  showed  with  Chenopod ium  rubrum  that  light  with  a  low 
R:FR  ratio  and  of  sufficient  energy  to  allow  some 
photosynthesis  was  able  to  bring  about  induction  of 
flowering  when  it  completely  replaced  the  darkness  of  a 
short  day  treatment.  This  was  exactly  what  was  found  from 
the  far-red  treatment  in  this  study,  except  the  technique 
was  applied  to  cold  hardiness  induction  rather  than 
flowering.  McKenzie  et  al.  (1974a)  reported  phytochrome  to 
be  involved  in  cold  acclimation  of  Cornus  stolon  if era  by 
short  days.  It  is  possible  that  a  very  similar  system  exists 
in  Sal ix  arct ica. 

In  fact,  the  present  evidence  points  to  the  likelihood 
that  the  well  supported,  two-stage,  cold  acclimation 
hypothesis  which  Weiser  (1970)  has  advanced  to  explain  cold 
tolerance  in  deciduous  woody  trees  may  be  valid  for  arctic 
willow  in  a  somewhat  modified  form.  In  Weiser' s  scheme,  the 
first  stage  involves  a  degree  of  acclimation  induced  by 
short  days  and  relatively  warm  temperatures .  The  second 
stage  requires  low  temperatures  or  even  frost  to  follow  the 
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short  day  treatment  to  attain  a  greater  degree  of  hardiness 
(Weiser  1970,  Harrison  et  al.  1978a).  The  sequence  of  these 
events  is  not  immutable,  however,  as  recently  shown  by  Chen 
and  Li  (1978).  Their  results  with  Cornus  stolon  if era  show 
that  8  h  short  days,  low  temperature  (5°C/5°C  day/night)  and 
water  stress  independently  induced  greater  degrees  of  cold 
hardiness  (relative  to  the  controls)  and  that  different 
combinations  of  these  factors  increased  hardiness  as  the  sum 
of  the  effects  of  the  individual  factors.  They  concluded 
that  each  method  triggered  independent  mechanisms  of  frost 
hardiness  induction. 

The  above  findings  provide  a  ready  explanation  for  the 
willow  results.  Firstly,  the  short  day  and  far-red 
treatments  may  have  triggered  a  phytochrome-mediated  cold 
acclimation  of  at  least  5-6° C.  In  comparison,  Cornus 
stolonifera  hardened  an  additional  12-13°C  under  short  days 
and  noninductive  temperatures  (Harrison  et  al.  1978a),  and 
the  same  conditions  added  15°C  to  the  hardiness  of  apple 
(Howell  and  Weiser  1970).  It  is  not  Known  whether  the  short 
day  treatment  given  at  any  time  during  the  growing  season 
would  have  increased  willow  hardiness,  as  was  found  with 
red-osier  dogwood  (Harrison  et  al.  1978a). 

Secondly,  low  temperatures  may  have,  a  few  weeks  later, 
caused  an  increase  in  hardiness  through  a  separate 
mechanism.  The  failure  of  low  temperatures  alone  to  increase 
hardiness  early  in  the  growing  season  is  Known  for  a  number 
of  species  (Weiser  1970,  Levitt  1972),  including  willow 


123 


(Sakai  and  Otsuka  1970).  Temperatures  below  10°C  (usually 
0-5°  C )  are  the  most  conducive  to  hardening  (Alden  and 
Hermann  1971,  Levitt  1972,  Larcher  et  al.  1973),  yet  Sal ix 
pauci flora  exposed  to  near  freezing  temperatures  in  July  and 
August  showed  no  change  in  stem  hardiness  (-5°C)  (Sakai  and 
Otsuka  1970).  The  same  temperatures  in  October  increased 
hardiness  to  -90°C.  Results  like  these  have  lent  support  to 
the  idea  that  the  ability  to  develop  freezing  tolerance  is 
inversely  proportional  to  the  stage  of  plant  development  (or 
phenology)  (Levitt  1972).  Harrison  et  al.  (1978a),  working 
with  Cornus  stolon  if era,  could  not  increase  hardiness  with 
frost  treatments  until  the  end  of  the  normal  growing  season. 
Their  findings  support  the  concept  of  seasonal  variation  in 
sensitivity  to  environmental  stimuli.  Hence,  the  marked 
change  in  cold  hardiness  as  a  result  of  the  frost  treatment 
(Fig.  32)  from  -12.5°C  to  below  -20° C  in  two  weeks  may  be  a 
manifestation  of  the  seasonality  in  responsiveness  of  arctic 
willow  to  cold  temperature. 

It  also  appears  likely  that  the  frost  treatment  (-2*0 
was  unnecessarily  low,  and  that  the  diurnal  fluctuation  of 
the  control  conditions  (10°C/3°C)  may  have  been  sufficient 
to  trigger  cold  acclimation.  As  noted  above,  temperatures 
between  10°C  and  0°C  are  generally  most  conducive  to 
hardening  when  given  at  the  proper  time.  The  six  hours  of 
3°C  experienced  daily  by  the  control  plants  may  have  induced 
cold  acclimation  at  the  end  of  the  growing  season  through  a 
physiological  change  in  the  plant's  responsiveness  to  a  cold 
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temperature  stimulus.  This  would  explain  the  change  in 
hardiness  in  the  absence  of  any  apparent  change  in  the 
environment;  the  stimulus  had  been  present  all  along  (low 
temper a ture ) ,  only  a  change  in  plant  response  made  the 
difference.  This  can  also  explain  why  the  cold  treated 
plants  and  control  plants  followed  so  closely  together  in 
the  development  of  cold  hardiness. 

Therefore,  it  appears  that  when  internal  conditions  are 
favorable  low  temperature  can  increase  hardiness  in  arctic 
willow,  but  not  as  early  as  in  plants  subjected  to  short 
days.  This  is  supported  by  other  work  which  has  shown  that 
although  short  days  can  induce  early  cold  hardiness,  low 
temperatures  under  long  days  will  eventually  result  in  the 
same  degree  of  hardiness  (Weiser  1968,  Howell  and  Weiser 
1970).  Unfortunately,  due  to  limited  research  material,  the 
lower  limit  of  plant  hardiness  was  not  acheived  at  the  end 
of  the  season  and  it  is  not  known  whether  the  short  day  (and 
far-red)  and  cold  treated  plants  acheived  the  same  level  of 
tolerance . 


5.  Synthesis 

Under  field  conditions  it  is  apparent  that  the  short 
day  triggered  mechanism  of  hardiness  induction  is  not  used 
by  the  plant.  The  field  results  indicate  that  ridge  crest 
plants  in  various  stages  of  senescence  had  hardened  to  -27° C 
under  continuous  daylight.  Since  the  transition  zone  plants 
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under  the  same  radiation  environment  were  only  hardy  to  ca. 
“17  C  it  appears  that  the  downward  shift  in  zeta  which 
accompanies  lower  sun  angles  near  the  end  of  the  year  (Figs. 
13  and  14,  pp.49,  52)  is  not  sufficient  to  trigger  an 
increase  in  hardiness,  as  occurred  with  the  controlled 
environment  tested  plants  grown  under  a  far-red  night.  The 
large  difference  between  the  minimum  observed  field  zeta 
(0.95)  and  that  used  in  the  controlled  environment  (0.57) 
may  be  the  reason. 

On  the  other  hand,  both  the  ridge  crest  and  slope  base 
plants  may  have  increased  slightly  in  stem  hardiness  due  to 
lower  zeta  values  in  early  August.  This  could  help  explain 
the  difference  between  stem  hardiness  of  the  field  plants 
(-17°C)  and  control  plants  grown  in  a  controlled  environment 
(-13.5’C).  The  difference  in  hardiness  levels  (3.5°C), 
however,  is  probably  not  significant  and  zeta  shifts  appear 
to  play  no  role  in  cold  acclimation  at  these  latitudes  in 
Sal ix  arct ica. 

The  higher  level  of  tolerance  in  the  crest  plants  may 
have  been  due  to  an  earlier  onset  of  receptiveness  to  the 
low  temperature  stimulus  and/or  due  to  the  effects  of  water 
stress.  All  three  (zeta  shift,  low  temperature,  and  water 
stress)  may  have  been  involved  in  the  development  of  cold 
tolerance  in  the  ridge  crest  plants,  with  effects  of  each 
adding  to  the  rest  (see  Chen  and  Li  1978). 

Table  4  presents  additional  evidence  for  the  case  of 
hardiness  development  through  low  temperature  alone.  In 
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Table  4.  Cold  hardiness  of  Sal ix  arctica  stems  in  relation 
to  phenology.  Plants  were  collected  in  early  August  1979 
from  near  the  1978  study  site  and  flown  to  Edmonton  for 
testing. 


Sampling  Date 

Hardiness  Level  (°C) 

Phenoloqical  State 

16 

August 

<-20 

leaves  green 

26 

August 

<-32 

leaves  yellow-green 

8 

September 

<-44 

al 1  leaves  yellow 

early  August  1979,  plants  from  the  1978  study  site  were 
collected,  flown  back  to  Edmonton,  and  on  10  August,  placed 
in  a  constant  5°C  environment  with  continuous  light.  There 
was  no  sign  of  leaf  senescence  at  this  time,  nor  six  days 
later  when  hardiness  was  found  to  be  below  -20° C.  In  this 
test  it  was  noticed  that  only  older  stems  had  survived  the 
treatment,  and  first  year  shoots  had  been  killed. 

By  26  August  leaf  senescence  (yellowing)  had  begun  and 
hardiness  was  below  the  limit  of  the  temperature  bath 
(-32°C).  By  placing  the  bath  in  a  -10°C  room,  the  tissue  was 
stressed  to  -44°C  on  8  September,  and  survived.  At  this  time 
all  leaves  were  yellow  (Table  4).  Similar  results  involving 
extreme  stem  hardiness  at  above  freezing  temperatures  were 
reported  by  Sakai (1973).  He' found  Sal ix  dasycladus  and  Sal ix 
1 edebur i ana ,  native  to  northern  regions  of  Japan,  to  survive 
at  least  -50°C  when  tested  in  October  before  any  frost 
occur ance . 

There  is  a  problem  in  understanding  why  the  stem 
hardiness  of  the  1979  end-of -season  plants  was  so  much 
greater  than  those  tested  in  the  field  on  16  August  1978 
(<-44°C  vs.  -27°C).  The  phenology  of  both  sets  of  plants 
appeared  to  be  the  same  (complete  leaf  senescence)  at  the 
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time  of  the  final  sampling  dates,  and  the  air  temperatures 
were  also  very  similar.  Between  11-16  August  1978  the  mean 
air  temperature  at  the  study  site  was  4°C  with  a  range 
between  2-7°C.  This  is  quite  close  to  the  constant  5°C 
environment  of  the  growth  chamber  plants.  The  environments 
appeared  similar  enough  to  preclude  that  any  differences  in 
temperatures  would  amount  to  a  change  in  hardiness  of  -17°C. 

There  are  at  least  two  possible  explanations  for  the 
discrepancy.  One  is  that  the  plant  root  system  was  damaged 
during  the  1979  transfer  from  the  field  and  a  disruption  in 
the  hormonal  balance  involved  in  hardening  resulted.  There 
is  evidence  that  an  interaction  between  gibberellins  (GA) 
and  abscisic  acid  (ABA)  controls  the  degree  of  cold 
hardiness  in  some  plants.  ABA  acts  as  a  promoter  and  GA  as 
an  inhibitor  of  cold  acclimation  (Irving  and  Lanphear  1968, 
Irving  1969,  Alden  and  Hermann  1971,  Spomer  1979). 
Gibberellins  have  been  found  to  be  mobilized  in  significant 
amounts  from  the  roots  (Salisbury  and  Ross  1978),  although 
de  novo  synthesis  may  not  actually  occur  there.  ABA  is 
generally  produced  in  the  leaves.  Damage  to  the  root  system 
could  decrease  GA  levels  enough  to  cause  an  increase  in  cold 
tolerance  which  would  result  from  the  amount  of  ABA 
appearing  proportionately  higher.  Although  this  explanation 
is  somewhat  simplistic,  it  points  to  the  very  real 
possibility  of  a  hormone  imbalance  through  root  damage.  That 
root  damage  did  occur  is  certain,  since  Sal ix  arctica  can 
have  a  very  extensive,  often  interconnected,  root  system 
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which  is  impossible  to  avoid  cutting  when  transplanting. 

The  second  possibility  arises  from  the  difficulty  of 
determining  if  both  sets  of  plants  were  actually  at  the  same 
stage  in  the  hardening  process,  since  estimates  based  on 
phenology  (amount  of  leaf  yellowing)  are  subjective.  In 
addition,  the  degree  of  cold  tolerance  has  been  found  to 
increase  quite  rapidly  at  the  season's  end.  Howell  and 
Weiser  (1970)  reported  a  15°C  increase  in  hardiness  in  apple 
over  a  two  week  period,  while  Cornus  stolonifera  increased 
30°C  in  seven  days  under  natural  conditions  in  early 
November  (Harrison  et  al .  1978a).  Thus,  the  1979  plants  may 
have  been  in  a  slightly  more  advanced  stage  of  hardiness 
development  relative  to  the  1978  field  plants,  whereas  both 
sets  were  assumed  to  be  at  the  same  stage  based  on 
phenology.  The  inaccuracy  of  the  phenological  cues  makes 
this  assumption  questionable. 

In  summary,  it  is  suggested,  based  on  the  above  field 
and  controlled  environment  results,  that  the  cold 
acclimation  mechanism  presently  used  by  Sal ix  arctica 
involves  an  endogenous  rhythm  that  regulates  the  sensitivity 
and  responsiveness  of  the  plant  to  temperature  such  that  the 
regularly  occurring  low  temperatures  (3°  to  8°C)  common  to 
the  High  Arctic  become  inductive  to  cold  acclimation  only 
when  an  internal  balance  of  hormones  is  correct.  These 
"correct"  hormone  levels  have  evolved  so  they  do  not  occur 
too  early  in  the  season  and  limit  the  growing  season  such 
that  starvation  occurs  during  the  winter,  nor  too  late  and 
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expose  active  tissue  to  lethal  temperatures.  The  hormone 
concentrations  would  probably  not  be  the  same  as  "normal" 
amounts  found  in  temperate  plants  because  of  the 
significantly  cooler  arctic  environment  ( Spomer  1979). 

The  Key  event  in  determining  when  cold  acclimation  can 
occur  appears  to  be  snow  release.  Presumably,  a  relatively 
fixed  chain  of  events  occurs  within  the  plant,  following  the 
beginning  of  active  growth,  which  leads  to  a 
" readi ness- to-harden"  condition  after  a  certain  period  of 
time.  The  fact  that  arctic  willow  can  respond  to  changes  in 
light  quality  and  daylength  appears  irrelevant  in  view  of 
the  processes  which  are  actually  involved  in  successful  cold 
acclimation.  This  phenomenon  is  probably  a  relict  system 
which  was  adaptive  to  and  inherited  from  the  low  latitude 
ancestors  of  Sal ix  arctica  and  which  still  may  be  adaptive 
to  present  day  Sal ix  species  at  lower  latitudes. 


6.  Field  Water  Relations 

There  was  no  evidence  of  diurnal  variation  in  the  leaf 
water  potential  of  Sal ix  arctica  early  in  the  growing  season 
(Fig.  33).  Values  ranged  from  a  high  of  -0.96  MPa  at  0400  h 
to  a  low  of  -1.26  MPa  at  2400  h.  The  fifference  of  0.3  MPa 
is  insignificant  based  on  the  95%  confidence  limits. 

Studies  of  the  daily  course  of  leaf  water  potentials  in 
arctic  species  (including  Sal ix  pulchra)  from  Barrow,  Alaska 
have  shown  a  distinct  drop  in  water  potential  (ca.  0.7  MPa) 
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Fig.  33.  Diurnal  variation  in  leaf  water  potential  of  Sal  ix 
arctica  control  plants  under  field  conditions.  Upper  figure 
shows  results  from  5  (left)  and  7  (right)  July.  Lower  figure 
is  based  on  1  August  data.  Bars  show  95%  confidence  limits 
(n=3-5) . 
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near  solar  noon  (Stoner  and  Miller  1975).  This  type  of 
response  may  be  expected  if  transpi rat iona 1  losses  are  more 
rapid  than  water  delivery  to  the  leaves.  This  is  most  likely 
to  occur  when  leaf  temperatures  are  highest  and  the  vapor 
pressure  gradient  between  leaf  and  air  is  the  greatest  (ie. 
noon).  The  absence  of  this  unimodal  pattern  early  in  the 
season  at  Truelove  suggests  a  different  stomatal  behavior. 

Pronounced  diurnal  periodicity  in  light  intensity  was 
occurring  on  the  lowland  in  early  July  due  to  very  clear 
skies.  Under  these  conditions,  midday  leaf  temperatures 
10-15°C  above  ambient  often  occurred,  and  a  unimodal i ty  in 
transpiration  and  water  potential  would  be  expected. 
Therefore,  the  absence  of  diurnal  fluctuations  in  water 
potential  is  not,  in  this  case,  caused  by  unusual  weather 
condi t ions . 

The  plants  used  in  these  early  tests  had  not  fully 
completed  leaf  expansion.  It  is  possible  that  the  stomata 
were  not  fully  functional  at  the  time  of  sampling  (i.e. 
partially  closed),  and  not  reactive  to  environmental  stimuli 
(e.g.  light,  temperature ) .  This  could  result  in  constant  and 
relatively  high  leaf  resistance  and,  therefore,  a  relatively 
unvarying  leaf  water  potential.  Numerous  workers  have  found 
diffusive  resistance  to  be  low  during  leaf  expansion,  with 
resistance  increasing  with  increasing  age  (Sol&rovk  1972, 
Jordan  et  al.  1975,  Woodward  and  Rawson  1976,  Rawson  and 
Woodward  1976,  Davis  et  al.  1977).  These  results  have 
generally  been  interpreted  as  a  gradual  loss  in  the  ability 
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of  the  stomata  to  fully  open  and  do  not  support  the  above 
results.  However,  most  studies  have  been  conducted  with 
agricultural  forbs  and  graminoids,  which  may  behave 
differently  from  woody  deciduous  plants.  A  report  of  the 
stomata  of  oak  ( Quercus  ruba )  and  maple  ( Acer  rubrum)  showed 
an  initial  period  of  high  stomatal  resistance  which  was 
independent  of  light  intensity  during  the  first  one  to  two 
weeks  of  leaf  expansion  (Turner  and  Heichel  1977). 
Subsequently,  response  to  light  intensity  developed  and  a 
drop  in  the  minimum  diffusive  resistance  occurred.  A  similar 
condition  of  high  leaf  resistance  and  absence  of  light 
response  during  leaf  expansion  in  Sal  ix  arctica  could 
explain  the  relatively  constant  water  potentials  noted 
above.  The  lack  of  porometry  data  precluded  the  testing  of 
this  idea. 

Although  bulk  water  potentials  of  -1.0  to  -1.3  MPa 
(Fig.  33)  are  low  for  expanding  leaves,  in  comparison  to 
other  studies  (Boyer  1968),  these  values  may  be  a  reflection 
of  the  resistance  to  water  flux  through  the  plant  and 
indicate  the  potential  difference  necessary  to  supply  water 
to  the  leaves  at  a  rate  which  will  allow  expansion  to  occur 
( Boyer  1 968 ) . 

In  early  August  a  second  diurnal  curve  was  determined 
for  Sal ix  arctica  (Fig.  33).  Except  for  the  reading  at  0800 
h  the  results  were  very  similar  to  those  from  early  July. 

The  highest  water  potential  occurred  at  2400  h  (-0.74  MPa) 
and  the  lowest  (excluding  0800  h)  was  -1.17  MPa  at  1300  h. 
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The  unusually  low  early  morning  value  of  -1.97  MPa  is 
difficult  to  explain,  particularly  since  it  differs 
significantly  from  the  other  results  at  the  95%  level.  One 
would  expect  the  lowest  leaf  water  potential  to  occur  near 
midday  when  leaf  temperatures  are  highest,  VPD  largest  and 
consequently,  transpiration  the  greatest. 

In  some  species,  generally  under  conditions  of  low  to 
moderate  water  stress,  increased  leaf  temperatures  do  result 
in  decreased  leaf  resistance  and  increased  transpi rat  ion 
(Hofstra  and  HesKeth  1969,  Schulze  et  al .  1973,  Batanouny 
1974,  Ehleringer  and  Miller  1975,  Hall  et  al.  1976). 

However,  with  increasing  water  stress  the  relationship  often 
reverses  with  increasing  leaf  temperature  inducing  stomatal 
closure  and  a  drop  in  transpiration  (Schulze  et  al.  1973, 
Batanouny  1974,  Hall  et  al.  1976).  If  the  leaf  water  stress 
results  from  the  inability  of  the  plant  to  supply  water 
under  conditions  of  high  evaporative  demand,  then  stomatal 
closure  allows  recharging  of  the  leaf  and  a  rise  in  water 
potential.  This  could  account  for  a  lower  leaf  water 
potential  earlier  or  later  than  midday.  To  explain  the 
present  results  it  would  be  necessary  to  Know  the  water 
potential  below  which  leaf  resistance  begins  to  rise  sharply 
(threshold  potential;  Hsiao  1973).  Although  the  factors 
responsible  for  stomatal  closure  are  varied  (light, 
temperature,  carbon  dioxide  concentration,  bulk  leaf  water 
potential,  humidity)  and  their  interactions  uncertain 
(Schulze  et  al.  1973,  Hsiao  1973),  threshold  potentials  have 
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been  determined  for  a  number  of  species  and  have  allowed  the 
development  of  a  quantitative  relationship  between  stomatal 
opening  and  leaf  water  status  (Hsiao  1973). 

Stoner  and  Miller  (1975)  reported  a  threshold  potential 
of  -1.40  MPa  for  Sal  ix  pulchra  from  Barrow,  Alaska  and 
complete  stomatal  closure  at  -2.0  MPa.  Although  it  is  not 
entirely  justified  to  use  the  results  of  S.  pulchra  to 
interpret  the  response  of  Sal ix  arctica ,  a  threshold 
potential  of  -1.40  MPa  is  among  the  lowest  reported  (Hsiao 
1973,  Miller  et  al.  1978)  and  it  is  likely  that  the  actual 
threshold  potential  of  Sal ix  arctica  is  not  much,  if  at  all, 
lower.  With  this  assumption,  the  stomata  of  Sal ix  arctica 
would  be  entirely  closed  at  a  leaf  water  potential  of  -1.96 
MPa,  implying  some  type  of  environmental  stress  (e.g.  large 
vapor  pressure  gradient,  low  soil  moisture).  If  these 
conditions  were  present  at  0800  h,  the  leaf  water  potential 
at  1300  h  should  have  been  just  as  low,  if  not  lower.  This 
follows  because  on  31  July,  air  temperature  at  1300  h  was 
9°C  with  a  relative  humidity  of  63%,  compared  to  5°C  and  76% 
at  0800  h.  The  total  incoming  solar  radiation  was  60%  higher 
at  1300  h  than  at  0800  h,  suggesting  that  higher  leaf 
temperatures  occurred  in  the  afternoon.  Obviously  the 
potential  for  water  loss  was  much  greater  at  1300  h,  yet  the 
leaf  water  potential  was  significantly  lower.  A  good 
biological  explanation  is  lacking,  and  in  the  absence  of 
further  data  the  results  remain  inconclusive. 

Fig.  34  presents  the  seasonal  variation  in  total  leaf 
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Fig.  34.  Effects  of  field  treatments  on  the  total  leaf  water 
potential  of  Sal ix  arctica.  The  threshold  potential  (-1.4 
MPa)  and  point  of  complete  stomatal  closure  (-2.0  MPa)  of 
Sal ix  pulchra  are  shown  for  comparison.  All  tissue  was 
collected  at  1300  h  CDT,  except  on  17  August  (0800  h). 
indicate  the  standard  error  of  the  mean  (n=1-4). 
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water  potential  for  all  treatments.  With  the  exception  of 
the  short  day  plants,  none  of  the  treatments  appeared  to 
have  significantly  affected  the  water  relations  of  Sal ix 
arctica.  There  was  a  trend  towards  a  decreasing  water 
potential  throughout  the  season  in  some,  but  not  all, 
plants.  This  is  typified  by  the  -blue  treatment  in  which 
leaf  water  potential  gradually  dropped  from  -1.24  MPa  in 
mid-July  to  -2.01  MPa  in  mid-August.  Plants  under  the  -red, 
neutral  density  and  short  day  treatments  exhibited  similar 
trends,  but  differed  greatly  in  detail. 

The  neutral  density  (ND)  plants  showed  the  least 
variation  in  midday  leaf  water  potential,  varying  between 
-1.10  and  -1.30  MPa  through  early  August  (Fig.  34).  Only 
near  the  end  of  the  season  was  there  a  modest  decrease  to 
-1.56  MPa.  Often  moisture  was  seen  trapped  between  the 
inside  dome  surface  and  the  two  layers  of  cheesecloth 
underlying  the  surface,  and  this  may  have  been  sufficient  to 
significantly  raise  the  humidity  of  the  air  above  the  plant. 
Also,  the  cheesecloth  absorbed  condensation.  Fig.  20  shows 
that  leaf  temperatures  under  the  ND  filter  were  often  lower 
than  the  other  treatments,  although  the  differences  did  not 
appear  statistically  significant  because  of  the  large 
seasonal  variation  in  temperature  for  any  given  treatment 
(Table  2,  p.  75).  The  diffuse  light  created  by  the 
cheesecloth  may  have  been  the  cause  of  the  lower 
temperatures .  Therefore,  it  is  plausible  that  moist 
cheesecloth  and  lower  leaf  temperature  created  a  local 
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environment  which  buffered  daily  changes  in  humidity  and 
contributed  to  the  maintainence  of  a  relatively  high  and 
unvarying  leaf  water  potential,  through  reduced 
tr anspi rat i on .  A  reduction  in  transpiration  would  mean  less 
depletion  in  the  local  soil  moisture  and  possibly  a  less 
drastic  drop  in  leaf  water  potential  near  the  end  of  the 
season,  relative  to  the  other  plants.  Adding  to  this  is  the 
fact  that  the  neutral  density  treatments  were,  in  general, 
slightly  closer  to  the  slope  base  than  the  other  treatments 
and  the  soi 1  water  regime  there  was  probably  more  favorable 
for  a  longer  period  of  time. 

The  high  midday  water  potentials  exhibited  by  the  short 
day  plants  up  to  early  August  may  have  resulted  from  the 
daily  16  h  covering  of  the  plants  (Fig.  34).  Stomatal 
closure  during  darkness  is  a  well-known  response  in  most 
plants  (Meidner  and  Mansfield  1968,  Hsiao  1973).  Under 
constant  illumination,  many  arctic  plants  photosynthesize 
throughout  the  summer  (Mayo  et  al .  1977,  Tieszen  1978),  and 
the  stomata  remain  open.  Consequently,  transpiration  occurs 
continuously.  In  contrast,  the  stomata  of  the  short  day 
treated  Sal ix  arctica  were  very  likely  closed  during 
darkness,  which  allowed  leaf  water  potential  to  rise  above 
that  of  the  other  treatments.  Leaf  tissue  samples  were 
obtained  4  hours  after  the  short  day  plants  were  uncovered, 
and  the  effects  of  16  hours  of  tissue  rehydration  may  have 
still  been  present  at  this  time.  A  second  possibility, 
considered  further  in  the  Synthesis,  is  stomatal  closure  in 
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senescent  leaves. 

The  rapid  drop  in  water  potential  over  the  next  11  days 
probably  resulted  from  increasing  leaf  senescence, 
increasing  root  resistances  and/or  decreasing  soil  moisture. 
Short  day  plants  at  this  time  (3  August)  had  begun  leaf 
yellowing  (Fig.  27).  Tyree  et  al.  (1978)  and  others  (Dixon 
1914,  Knipling  1967,  Kassam  and  Elston  1974,  Roberts  and 
Knoerr  1977)  have  reported  older  leaves  in  many  deciduous 
woody  plants  to  have  lower  osmotic  potentials  than  younger 
leaves.  The  increase  in  solutes  often  noted  in  senescing 
leaves  (Pate  1975,  Beevers  1976)  may  contribute  to  a 
decrease  in  osmotic  potential.  If,  concomi t tant ly ,  there  is 
an  increase  in  root  resistance,  total  leaf  water  potential 
might  drop  significantly.  Parsons  (1978)  found  significantly 
higher  root  resistances  in  Cornus  stolonifera  subjected  to 
short  days,  relative  to  long  day  controls,  and  suggested 
that  this  may  be  partially  responsible  for  the  decreased 
stem  water  content  found  during  acclimation  (e.g.  McKenzie 
et  al.  1974b).  A  similar  increase  in  root  resistance  and 
solute  concentration  may  have  occurred  in  short  day  treated 
Sal ix  arctica.  Another  possibility  is  a  break  in  the  water 
supply  between  leaf  and  stem,  as  many  of  the  leaves  at  the 
last  sampling  were  only  loosely  attached  to  the  plant. 

The  midday  leaf  water  potentials  of  plants  exposed  to 
the  -red  and  -blue  treatments  were  very  similar  throughout 
the  season  with  the  exception  of  3  August  (Fig.  34).  The 
bulk  leaf  water  potential  of  plants  grown  under  -red  light 
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decreased  from  -0.89  MPa  to  -1.51  MPa  during  mid  to  late 
July,  and  rose  to  -1.12  MPa  on  3  August.  Through  mid  August 
midday  values  decreased  sharply  to  between  -1.80  and  -2.00 
MPa  (Fig.  34).  -Blue  treated  plants  exhibited  a  fairly 
steady  decrease  in  total  leaf  water  potential  as  the  season 
progressed,  ranging  from  -1.10  to  -2.01  MPa. 

It  is  not  clear  why  the  only  major  difference  between 
the  effects  of  the  two  treatments  occurred  during  a  chinooK. 
At  the  time  of  sampling  the  relative  humidity  was  unusually 
low  (44%)  with  fairly  high  air  temperture  (10*0.  This 
resulted  in  a  vapor  pressure  deficit  of  0.69  KPa.  The  vapor 
pressure  gradient  between  the  air  and  leaves  was  probably 
very  similar,  since  global  radiation  was  very  low  (heavy 
overcast)  and  leaf  temperatures  were  close  to  air 
temperatures.  Spot  readings  taken  at  1100  h  showed  that  leaf 
and  air  temperatures  differed  by  about  0.5°C.  Moderately 
high  winds  (5.5  m  s_1)  coupled  with  a  high  vapor  pressure 
gradient  may  have  caused  stomatal  closure,  resulting  in 
slightly  increased  leaf  water  potentials  in  the  -red  treated 
plants . 

The  -blue  treatment  appeared  unaffected  by  the  Chinook, 
relative  to  the  previous  sampling  date  (26  July:  clear,  calm 
weather  conditions).  The  well  known  effect  of  blue  light  in 
producing  stomatal  opening  (Meidner  and  Mansfield  1968)  is 
not  evident  in  this  case,  since  the  response  is  in  the  wrong 
direction.  In  addition,  blue  light  has  been  found  to  be 
effective  at  very  low  light  intensities  (1.3  J  m_2s_1)  and 
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is  probably  not  important  in  the  normal  opening  and  closing 
mechanism  (Meidner  and  Mansfield  1968,  Zelitch  1967). 

An  alternate,  very  tenative,  explanation  is  that 
prolonged  growth  in  an  environment  deficient  in  blue  light 
disrupted  normal  stomatal  function,  possibly  causing  them  to 
be  less  responsive  to  closure- inducing  conditions. 
Voskresenskaya  (1972,  1979)  reported  that  plants  grown  in 
red  light  preferentially  accumulate  carbohydrate  (especially 
starch)  in  contrast  to  plants  grown  under  blue  light,  where 
nucleic  acids  and  proteins  are  favored.  Also,  less  active 
chloroplasts  with  easily  disrupted  membrane  systems  are 
formed  under  prolonged  red  light  treatment.  This  may  have 
impaired  stomatal  function. 

Since  there  were  no  other  signs  of  detrimental  effects 
of  a  high  red- low  blue  light  environment  (e.g.  premature 
leaf  senescence,  very  pale  leaves),  the  above  suggestion 
remains  tenative  at  best.  However,  with  the  majority  of  the 
results  of  the  -red  and  -blue  light  treatments  in  close 
agreement  throughout  the  season,  it  is  clear  that  the  two 
environments  produced  no  long  term  differences  in  leaf  water 
potential  which  were  mediated  through  a  phytochrome  system. 

The  midday  leaf  water  potential  of  the  control  plants 
remained  relatively  stable  throughout  July  (Fig.  34).  The 
low  value  obtained  on  13  July  (-1.68  MPa)  may  have  resulted 
from  low  soil  moisture,  as  there  had  been  no  precipitation 
for  two  weeks  (Fig.  26).  With  more  rain,  midday  leaf  water 
potentials  generally  remained  below  -1.40  MPa  (threshold 
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potential  of  Sal ix  pulchra ;  Stoner  and  Miller  1975). 
Assuming,  as  before,  that  Sal ix  arctica  and  S.  pulchra  have 
similar  threshold  potentials,  it  appears  that  the  plants 
rarely  experienced  significant  water  stress  throughout  the 
season.  A  major  exception  occurred  on  8  August,  with  a  mean 
midday  leaf  water  potential  of  -1.92  MPa  (Fig.  34).  Weather 
conditions  at  this  time  were  not  unusually  stressful,  and 
there  appears  no  clear  reason  for  such  low  values, 
particularly  since  the  two  subsequent  tests  showed  much 
higher  bulk  water  potentials.  If  this  point  was  in  error, 
midday  leaf  water  potentials  remained  relatively  constant  to 
near  the  end  of  the  season. 

The  problem  of  variability  in  the  data  lies  partially 
in  the  poor  performance  of  the  psychrometers  at  low 
temperatures  (<  10°C).  The  range  of  voltage  output  over  a 
given  range  of  water  potentials  becomes  much  smaller  at  low 
temperatures,  and  consequently  resolution  becomes  much 
poorer.  At  5°C  a  difference  of  0.2  uvolts  can  mean  a  0.4  MPa 
difference.  At  15°C  the  same  difference  corresponds  to  ca. 
0.1  MPa.  Compounding  the  temperature  problem  is  the  change 
in  sensitivity  and  performance  of  an  individual  psychrometer 
over  time.  Although  an  attempt  was  made  to  address  both 
problems  through  the  use  of  calibration  curves  at  different 
temperatures  and  times,  questionable  assumptions  such  as  a 
linearity  of  change  between  different  times  and  temperatures 
were  necessarily  made,  which  introduced  an  unknown  amount  of 
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7.  Controlled  Environment  Water  Relations 

Throughout  the  growth  chamber  experiments  the  bulk  leaf 
water  potential  of  the  control  plants  remained  fairly 
constant  (Fig.  35).  From  two  weeks  after  bud  break  (i.e. 
during  leaf  expansion)  to  well  into  leaf  senescence,  the 
mean  leaf  water  potentials  ranged  between  -0.71  to  -0.98 
MPa.  None  of  the  values  differed  significantly  at  the  95% 

1  eve  1 . 

In  the  control  plants,  the  osmotic  component  of  leaf 
water  potential  decreased  markedly  as  the  leaves  matured  and 
began  to  senesce.  The  mean  value  during  expansion  was  -1.23 
MPa,  while  just  prior  to  and  during  senescence  (24-34  d 
later)  the  osmotic  potential  averaged  -2.10  MPa.  Turgor 
pressure  also  increased  as  senescence  approached,  as 
directly  implied  by  an  unchanging  total  water  potential 
under  conditions  of  decreasing  osmotic  potential  (Fig.  35). 
The  mean  pressure  potential  appeared  low  during  leaf 
expansion  (0.32  MPa),  but  increased  to  between  1.14  and  1.23 
MPa  in  mature  and  senescing  leaves. 

The  far-red,  short  day  and  frost  treatments  did  not 
appear  to  affect  any  component  of  leaf  water  potential  in  a 
significant  way  (Fig.  35).  There  is  the  suggestion  of  an 
increase  in  bulk  leaf  water  potential  in  the  short  day 
plants,  from  -0.72  to  -0.45  MPa,  but  these  values  do  not 
significantly  differ  from  the  other  treatments  sampled  at 
the  same  time.  On  day  38  the  mean  leaf  water  potentials  were 
-0.98,  -0.86,  -0.84  and  -0.72  MPa  for  the  control,  frost 


V-  N 

- 


143 


(MPa) 


Mr 

(MPa) 


DAYS 


Fig.  35.  Effects  of  controlled  environment  treatments  on  the 
leaf  water  potential  of  Sal ix  arctica.  Day  0  marks  beginning 
of  above  freezing  temperatures.  In  upper  figure,  closed 
symbols  indicate  total  leaf  water  potential;  open  symbols 
show  osmotic  potential.  Turgor  is  shown  in  lower  figure.  95% 
confidence  limits  are  given  (n=2-4). 
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treated,  far-red  and  short  day  plants;  respectively.  Ten 
days  later  the  water  status  of  all  the  treatments  was 
essentially  unchanged.  The  mean  leaf  water  potentials  had 
increased  0.10  to  0.27  MPa  in  all  cases,  but  the  changes 
were  insignificant. 

The  mean  osmotic  components  of  the  SD  and  frost  treated 
plants  may  have  increased  as  leaf  senescence  progressed  (by 
0.40  and  0.47  MPa;  respectively),  but  the  variation  in 
results  was  too  great  to  permit  statistical  significance. 
Over  the  10  day  period,  the  far -red  plants  showed  a 
statistically  insignificant  decrease  in  mean  osmotic 
potential  (0.22  MPa).  The  lack  of  any  effect  of  the 
treatments  is  apparent  in  the  fact  that  after  19  days  the 
mean  leaf  osmotic  potentials  of  all  the  plants  were  within 
0.11  MPa  of  each  other.  The  greatest  difference  (0.37  MPa) 
was  between  the  control  and  short  day  plants  (-2.10  and 
-1.73  MPa;  respectively).  No  differences  were  statistically 
significant.  At  the  time  of  the  last  sampling  the  plants 
were  in  stages  of  senescence  ranging  from  1/2  to  3/4 
yellowed  leaves  (short  day)  to  1/4  or  less  (far-red 
treatment ) . 

The  mean  turgor  pressure  of  the  SD  plants  did  not 
significantly  change  between  the  two  sets  of  readings  (1.41 
MPa  to  1.28  MPa).  The  frost  treated  and  far-red  plants 
showed  large  apparent  changes  in  magnitude  (0.31  and  0.40 
MPa;  respectively)  but  were  also  statistically  insignificant 
because  of  wide  variation  in  values.  The  final  set  of 
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readings  for  the  control  and  all  the  treatments  was  within  a 
0.20  MPa  range,  between  1.08  and  1.28  MPa  (Fig.  35). 

In  some  cases  the  wide  confidence  intervals  disallowed 
comparisons  which  otherwise  appeared  important.  It  was  later 
noted  that  some  of  the  dispersion  between  readings  was  not 
due  to  problems  with  psychrometers  or  other  procedural 
difficulties,  but  to  between-pl ant  variation  within  a  given 
treatment.  For  example,  two  psychrometers  used  to  sample 
plant  #3,  subjected  to  daily  frost,  gave  readings  of  -0.63 
and  -0.64  MPa.  A  second  plant,  under  the  same  conditions, 
gave  water  potentials  of  -1.08  MPa  from  two  different 
psychrometers.  The  two  data  sets  combined  resulted  in  much 
wider  confidence  limits  than  would  occur  from  either  set 
alone . 

Although  this  sort  of  disparity  was  not  the  rule, 
damage  during  transplanting,  particularly  to  the  roots,  is 
probably  one  important  factor  partially  responsible  for 
variation  in  water  potential.  Another  is  the  difference  in 
general  vigor  between  plants,  noted  particulaly  in  Saxifraga 
oppositifolia ,  both  in  the  field  and  in  growth  chamber 
studies . 

Despite  such  problems,  a  clear  distinction  was  found 
between  the  osmotic  and  turgor  potentials  of  expanding 
leaves,  and  the  same  component  potentials  in  mature  or 
senescent  leaves.  The  low  mean  turgor  in  expanding  leaves 
(0.32  MPa)  implies  that  the  threshold  turgor  was  low  and, 
therefore,  that  the  cell  wall  plasticity  was  high.  Threshold 
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turgor  is  the  pressure  potential  that  must  be  exceeded  for 
cell  growth  (through  irreversible  wall  extension)  to  occur 
(Hsiao  1973).  Because  leaf  expansion  was  occurring,  the  mean 
threshold  turgor  must  have  been  less  than  0.32  MPa.  This 
value  is  somewhat  lower  than  found  in  previous  studies. 
Turgor  pressure  of  0.4  to  0.8  MPa  were  associated  with  leaf 
enlargement  and  hypocotyl  growth  in  cultivated  species 
(corn,  soybean,  sunflower,  oats)  (Cleland  1967,  Boyer  1968, 
Boyer  1970,  Meyer  and  Boyer  1972). 

The  water  potential  of  the  expanding  leaves  was  also 
low  (-0.91  MPa)  in  comparison  to  the  agricultural  species 
mentioned  above  (>  -0.4  MPa).  Since  the  steepness  of  the 
water  potential  gradient  between  the  water  supply  and  the 
tissue  depends  on  the  resistance  to  water  flow  (Boyer  1968), 
it  appears  that  this  resistance  in  Sal ix  arctica  tissue  is 
fairly  high.  The  insignificant  changes  in  mean  bulk  water 
potential  of  the  control  plants  throughout  the  growing 
period  suggest  a  relatively  constant  water  flow  resistance 
during  that  time.  The  radiation  and  temperature  environments 
cycled  regularly  and  the  soil  was  well  watered.  If,  while 
the  mean  osmotic  potential  of  the  leaves  decreased,  the 
resistance  to  internal  water  flow  remained  the  same,  then 
turgor  would  necessarily  increase  and  return  the  potential 
gradient  to  near  -0.90  MPa.  This  assumes  little  or  no  change 
in  water  loss  to  the  atmosphere. 

The  low  osmotic  potentials  (-1.85  to  -2.11  MPa)  which 
prevailed  in  Sal ix  arctica  leaves  during  the  growing  period 
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may  have  been  sufficient,  along  with  adequate  resistance  to 
a  limited  amount  of  freeze-dehydration  stress,  to  account 
for  the  degree  of  frost  hardiness  measured  in  the  leaf 
tissue.  Levitt  (1957,  1959,  1972)  reported  his  results  on 
the  effects  of  infiltrated  sugars  on  the  hardiness  of 
cabbage  and  found  a  calculated  Killing  temperature  (based  on 
the  osmotic  properties  of  the  cell  sap)  of  -9°C  for  tissue 
with  cell  osmotic  potentials  between  -1.86  and  -2.00  MPa. 
These  values  are  very  close  to  those  found  in  the  present 
growth  chamber  experiments,  both  with  respect  to  the  leaf 
osmotic  potentials  and  leaf  cold  hardiness.  Cold  hardiness 
of  willow  leaves  was  estimated  from  leaf  disk  survival  tests 
to  be  -7.0°C  under  growth  chamber  conditions.  However, 
Levitt's  results  could  only  be  used  as  support  for  the 
present  study  if  the  degree  of  tolerance  to 
f reeze-dehydrat ion  stress  was  the  same  in  cabbage  and  Sal ix 
arctica.  The  above  osmotic  potentials  do  not  protect  tissue 
through  simple  freezing  point  depression. 


8.  Synthesis 

The  absence  of  significant  changes  in  the  total  leaf 
water  potential  of  the  growth  chamber  control  plants 
suggests  that  the  field  grown  controls  behaved  similarly, 
and  therefore  the  8  August  data  were  probably  erroneous. 

The  mean  leaf  water  potential  of  plants  in  the  field 
during  the  last  month,  excluding  the  8  August  data,  was 
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lower  (-1.30  MPa)  than  in  the  plants  grown  in  the  growth 
chamber  (-0.87  MPa).  In  both  cases  visible  leaf  senescence 
was  evident  at  the  time  of  the  last  sampling.  A  greater 
resistance  to  water  flow  in  the  field  plants,  together  with 
a  greater  evaporative  demand,  may  have  contributed  towards  a 
lower  leaf  water  potential  throughout  the  season.  If  the 
threshold  potential  of  Sal ix  pulchra  (-1.40  MPa)  is  applied, 
the  field  plants  were  operating,  on  the  average,  just  below 
threshold  level.  Although  root  resistances  of  some  artic  and 
alpine  species  have  been  found  to  be  unaffected  by  changes 
in  soi 1  temperature  (Stoner  and  Miller  1975,  McNaughton  et 
al.  1974),  these  studies  tested  herbaceous  plants  only. 
However,  higher  evaporative  demand  alone  may  have  accounted 
for  the  differences  between  the  two  sets  of  plants. 

The  osmotic  potentials  from  the  field  plants  were  not 
reported  because  the  results  were  often  incomplete 
(psychrometer  failure),  contradictory ,  or  obviously  wrong 
(e.g.  negative  turgor).  The  problems  were  probably  partially 
related  to  the  field  use  of  liquid  propane  (which  left  an 
odiferous  residue)  for  the  freeze/ thaw  procedure.  However, 
the  osmotic  potenitals  of  the  control  plants  which  did 
produce  results  were  generally  between  -1.50  and  -2.20  MPa. 
These  values  are  in  the  same  range  as  the  growth  chamber 
plants,  and  allow  the  same  conjecture,  mentioned  earlier, 
that  leaf  cold  hardiness  in  Sal ix  arctica  may  be  due  to  a 
combination  of  slight  freezing  point  depression  and  a 
certain  degree  of  dehydration  tolerance  (Levitt  1972). 
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Whether  the  maintainence  of  a  high  solute  concentration  was 
specifically  selected  for  as  a  mechanism  for  increasing 
frost  tolerance,  or  is  simply  the  fortuitous  result  of  other 
physiological  constraints  (e.g.  carbon  fixation  exceeding 
translocation)  is  unknown. 

With  the  possible  exception  of  the  short  day  regime, 
none  of  the  treatments  affected  the  leaf  water  potential  in 
ways  that  could  be  clearly  associated  with  cold  hardiness  or 
to  the  operation  of  a  phytochrome-mediated  system.  Under 
both  field  and  growth  chamber  conditions,  the  short  day 
plants  tended  to  have  similar  or  slightly  higher  leaf  water 
potentials  than  the  controls.  This  appeared  most  clearly 
during  the  early  to  middle  period  of  leaf  senescence.  The 
field  plants  on  3  August  and  the  growth  chamber  plants  on 
the  last  sampling  date  were  at  approximately  the  same 
phenological  state  and  both  showed  high  leaf  water 
potentials  relative  to  previous  samplings.  Subsequently,  the 
field  plants  dropped  rapidly  in  water  potential,  probably 
due  to  disruption  of  water  flow  and  leaf  abscission. 

Previous  research  with  deciduous  trees  has  shown  a 
significant  increase  in  leaf  resistance  (through  stomatal 
closure)  with  the  onset  of  leaf  senescence  (Gee  and  Federer 
1972,  Hinckley  et  al.  1978)  and  this  may  explain  a  rise  in 
leaf  water  potential  near  the  end  of  cold  acclimation  by 
short  days  in  Cornus  stolon  if era  (Parsons  1978).  A  similar 
increase  in  leaf  resistance  in  Sal ix  arctica  under  short 
days  may  account  for  the  brief  increase  in  leaf  water 
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potential  of  the  senescing  leaves,  seen  in  the  growth 
chamber  and  field  studies.  A  limited  amount  of  porometry 
data  does  not  support  this  idea.  The  stomatal  resistance  of 
green  leaves  from  untreated  plants  in  the  controlled 
environment  chamber  was  very  low  ( 3 . 5± 1 . 1  s  cm"1;  95% 
confidence  limit)  near  the  end  of  the  growing  period.  At  the 
same  time,  two  senescent  leaves  (yellow-red)  had  slightly 
higher  stomatal  resistances  (6.5  and  5.4  s  cm-1).  Assuming 
the  same  results  from  leaves  senescing  under  short  days, 
this  slight  change  does  not  compare  well  with  the  reports  of 
the  above  workers,  who  found  increases  of  40  s  cm-1  or  more. 
Further  readings  from  senescent  leaves  of  Sal ix  arctica  are 
necessary  for  more  meaningful  comparisons. 

It  would  be  expected  that  as  leaf  senescence  progressed 
in  the  controls  and  other  treatments,  the  pattern  of  leaf 
water  potential  would  be  similar  to  that  of  the  SD  plants. 
However,  in  the  field,  the  -red  and  -blue  treatments  showed 
much  lower  leaf  water  potentials  than  the  control  plants 
while  at  approximately  the  same  phenological  state.  There  is 
no  clear  explanation  for  this  except  that,  as  mentioned 
earlier,  soil  moisture  may  have  been  limiting  near  the  end 
of  the  growing  season  for  plants  sheltered  from  the  rain  by 
the  domes.  Also,  the  control  plants  and  neutral  density 
regime  were  further  down  slope,  near  the  meadow,  and  may 
have  been  under  more  favorable  moisture  conditions  at  the 
end  of  the  season. 

In  general,  the  water  relations  of  Sal ix  arctica  appear 
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to  be  affected  more  by  the  state  of  phenology  than  by  any 
other  factor.  Short  days  hastened  senescence  which  resulted, 
at  first,  in  slightly  increased  leaf  water  potentials, 
followed  by  lower  water  potentials,  probably  through 
disrupted  water  flow.  Throughout  the  growing  season,  field 
plants  near  the  ridge  slope-meadow  transition  zone  probably 
experienced  no  severe  midday  water  stress,  to  the  extent 
that  stomata  closed  completely  .  Conditions  were  not  optimal 
in  the  field,  though,  since  higher  water  potentials  were 
found  in  well  watered  plants  under  controlled  environments. 

D.  Saxi f raaa  oppos i t i f o 1 i a 
1 .  Phenology 

The  effects  of  the  field  treatments  on  Saxifraga 
oppositifolia  were  very  similar  to  those  found  for  Sal ix 
arctica .  None  of  the  four  treatments  appeared  to 
significantly  affect  flowering  phenology  in  saxifrage  (Fig. 
36).  The  time  period  between  the  greening  of  the  shoot  tips 
to  the  senescence  of  the  second  year  leaves  was  similar  for 
all  except  the  short  day  treatment.  The  control,  -red, 

-blue,  neutral  density  and  short  day  treated  plants  averaged 
37,  39,  38,  41  and  23  days,  respectively.  In  addition  to  the 
shorter  growing  period,  plants  under  short  days  did  not 
exhibit  shoot  expansion  (Fig.  36). 

These  results  point  to  the  same  explanation  offerred 
for  the  Sal ix  data.  Saxifraga  oppositifolia  is  often  the 
first  species  to  flower  after  snow  melt,  since  dormancy 
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breaks  at  -2eC  and  flowering  can  occur  at  0°C  ( Svoboda  1977, 
Parker  1977).  The  period  of  activity  (ca.  39  d)  in  this 
species  appears  to  be  very  similar  to  that  of  arctic  willow. 
As  the  SD  plants  had  such  a  shorter  growth  period,  it  is 
suggested  that  a  "relict"  phytochrome-mediated  system  for 
anticipating  winter  may  exist  in  arctic  populations  and  even 
be  functional  in  lower  latitude  alpine  populations.  Oxyria 
digyna  was  found  to  exhibit  ecotypic  variation  in 
photoperiod  with  respect  to  flowering  (Mooney  and  Billings 
1961)  and  the  same  may  be  true  in  S.  oppositifolia  (and 
Sal ix  arctica)  with  regard  to  dormancy. 

A  small  group  of  saxifrage  plants  was  watered  on  a 
daily  basis,  as  with  willow  on  the  ridge  crest,  but  were 

situated  on  the  upper  slope  of  the  beach  ridge.  The  first 

signs  of  leaf  senescence  occurred  on  3  August,  7  d  after  the 
watered  willows  (Fig.  36).  Since  the  estimated  period  of 
activity  is  the  same  in  the  two  species  (40  d  for  willow  and 
39  d  for  saxifrage),  the  saxifrage  plants  may  have  simply 
become  snow  free  at  a  later  date  than  the  Salix.  This  is 
likely  because  the  saxifrage  was  slightly  downs  lope  from  the 
crest  and  in  a  small  depression.  Thirty-nine  days  prior  to  3 
August  is  24  June,  and  with  3-5  days  needed  for  flowering 
and  shoot  tip  greening,  the  approximate  time  of  snow  release 
was  20  June.  This  is  plausible  given  the  rate  of  snow  melt 

recorded  for  the  lower  part  of  the  slope  in  early  July  1978 

(Fig.  19). 

The  field  data  support  the  hypothesis  presented  earlier 
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that  a  biologically  fixed  growing  period  occurs  within  at 
least  some  high  arctic  plants  and  that  the  response  elicited 
by  short  days  may  be  a  relict  retained  from  lower  latitude 
populations  where  such  a  system  is  still  adaptive. 

Unfortunately  the  leaf  senescence  phenology  observed 
for  plants  grown  in  the  controlled  environment  was  quite 
different  from  and  contradictory  to  the  field  results. 
Essentially  all  the  plants  (control,  far-red  night,  and 
frost  treated),  except  those  under  short  days,  had  evidence 
of  senescence  of  second  year  leaves  at  the  time  of  the 
establishment  of  the  treatments  (29  d  after  thaw).  The  short 
day  plants  began  senescence  11  days  later.  It  is  obvious 
that,  in  this  case,  the  treatments  played  no  role  in  the 
onset  of  senescence,  since  leaf  yellowing  had  begun  the  same 
day  or  before  the  experimental  regimes  were  set  up.  Also, 
the  rate  at  which  the  plants  attained  100%  yellowing  was 
often  quite  variable  (10-15  d),  even  between  plants  within 
the  same  treatment.  Possibly  the  air  temperature  was  too 
high  (10°C),  accelerating  the  senescence  of  the  second  year 
leaves,  independent  of  the  treatment  effects.  Also,  the 
light  intensity  may  have  been  too  high  over  an  extended 
period  of  time,  also  accelerating  senescence.  It  was  noted 
that  Sal ix  arctica  under  the  same  conditions  often  developed 
reddi sh-green  leaves  which  are  not  normally  seen  in  the 
field.  This  may  have  been  an  increase  in  anthocyanin  in 
response  to  high  light. 

Due  to  the  inconsistent  response  and  uncertainty  of  the 
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cause,  no  interpretation  of  the  phenology  of  the  controlled 
environment  grown  saxifrage  is  attempted. 


2.  Cold  Handiness 

Due  to  a  shortage  of  plant  material  only  three  tests 
were  able  to  be  conducted  during  the  1978  season.  Only  shoot 
tips  were  used  in  the  tests  and  consequently  a  heavy  amount 
of  destructive  sampling  was  involved  to  obtain  the  50  mg  of 
tissue  needed  for  each  test. 

Fig.  37  presents  the  results  of  those  tests.  The 
hardiness  level  remained  high  under  all  treatments  except 
the  -blue  during  the  three  week  period  between  24  July  and 
13  August.  The  control  plants  ranged  between  -15°  and 
-18.6’C.  The  neutral  density  treatment  gave  similar  results. 
The  short  day  treated  and  -red  treated  plants  were 
consistently  more  hardy  than  the  lowest  test  temperatures  of 
-15°  or  -20° C . 

In  the  absence  of  data  from  lower  stress  temperatures 
it  is  difficult  to  separate  the  effects  of  the  SD  and  -red 
treatments  from  the  control  and  ND  regimes.  As  noted  in  the 
discussion  of  Sal ix  arctica  cold  tolerance,  short  days  have 
been  found  to  be  effective  in  increasing  the  degree  of  cold 
hardiness  in  a  number  of  woody  plants  (Weiser  1970).  Since 
this  implies  a  phytochrome-mediated  mechanism  of  hardiness 
development,  the  shift  in  zeta  created  by  the  -red  dome  may 
have  triggered  a  similar  increase  in  hardiness.  The 
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Fig.  37.  Cold  hardiness  of  Saxifraga  oppositifolia  as 
affected  by  the  different  field  treatments.  Arrows  indicate 
a  level  of  hardiness  greater  than  the  lowest  temperature 
tested.  The  short  day  and  -red  treated  plants  exhibited  the 
same  pattern  of  hardiness  for  the  first  two  trials.  There 
was  insufficient  material  to  test  short  day  plants  a  third 
time. 
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possibility  of  this  occurring  was  discussed  in  the  section 
on  radiation.  However,  the  lower  limit  of  temperature 
tolerance  was  not  established  for  these  two  treatments  and 
their  effectiveness  in  increasing  cold  hardiness  remains 
unclear . 

The  -blue  treatment  appeared  to  decrease  cold  tolerance 
markedly,  relative  to  the  other  treatments  (Fig.  37). 

Between  24  July  and  7  August,  hardiness  was  between  -8.8° 
and  -5.6°C.  In  the  next  week,  an  increase  in  hardiness  to 
below  -20°C  was  noted.  The  apparent  increase  in  frost 
tolerance  of  more  than  14° C  in  one  week  in  the  absence  of 
any  significant  temperature  changes  cannot  be  explained  by 
any  known  cold  hardiness  mechanism.  It  is  suggested  that  the 
unusually  poor  cold  tolerance  exhibited  by  the  -blue  treated 
plants  was  a  secondary  effect  resulting  from  a  long  term 
high  red  light- low  blue  light  environment. 

Plants  which  have  been  photosynthesizing  under  red 
light  (AX=670-680  nm)  for  a  prolonged  time  period 
preferentially  accumulate  carbohydrate  (particularly 
starch).  Under  blue  light  (AA=460-470  nm)  biosynthesis  of 
protein,  nucleic  acids,  phospho-organic  compounds  (e.g.  ATP) 
and  chlorophyll  is  activated,  and  carbohydrate  synthesis  is 
inhibited  (Voskresenskaya  1972,  1979).  Less  active 
chloroplasts  are  formed  under  red  light  and  there  is  limited 
gas  exchange,  weak  photophosphorylation,  and  reduced 
electron  transport.  As  well,  growth  under  red  light  limits 
biosynthesis  of  enzymes  that  are  important  in  carbon 
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metabolism  inside  and  outside  the  ch loropl asts ,  therefore 
upsetting  normal  photosynthesis.  Transfer  of  red  light  grown 
plants  to  blue  light  will  reverse  these  effects 
(Voskresenskaya  1972,  1979). 

This  general  decrease  in  the  efficiency  of  carbon 
metabolism  and  shift  in  emphasis  during  synthesis  when 
plants  are  grown  under  red  light  may  account  for  the  poor 
cold  tolerance  that  was  found.  Cold  acclimation  is  an  active 
metabolic  process  which  has  been  found  to  involve  an 
increase  in  soluble  proteins,  nucleic  acids,  sugars,  and 
changes  in  membrane  composition  and  structure  (Siminovitch 
et  al.  1968,  Mazur  1969,  Weiser  1970,  Levitt  1972).  Plants 
developing  in  an  environment  poor  in  blue  light  may  lack  the 
proper  amount  or  types  of  these  substances  which  would 
normally  allow  greater  low  temperature  resistance.  Obviously 
the  decreased  level  of  blue  light  was  not  detrimental  enough 
to  entirely  disrupt  normal  development,  since  a  phenology 
similar  to  that  of  the  control  was  observed  (Fig.  36). 
However,  the  possibility  of  a  decrease  in  hardiness  due  to 
internal  changes  in  the  leaves  cannot  be  ruled  out.  For 
example,  there  may  have  occurred  a  decrease  in  membrane 
permeablity  to  water  which  would  not  seriously  affect  normal 
cell  function,  but  significantly  restrict  rapid  water  efflux 
during  freezing.  This  is  essential  in  order  for  the  cell  to 
avoid  intracellular  damage  by  ice  crystals.  This  might  occur 
as  an  indirect  result  of  reduced  protein  or  nucleic  acid 
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There  is  indirect  evidence  for  the  direct  effect  of 
blue  light  on  changes  in  membrane  permeability.  Differences 
in  cell  membrane  permeability  have  been  suggested  as  an 
explanation  for  the  polar  transport  of  auxin  (Raven  1975, 
Goldsmith  1977).  Since  there  is  evidence  that  blue  light  can 
inhibit  polar  auxin  transport  (Dennison  1979)  and  also  that 
the  blue  light  photoreceptor  is  located  in  the  cell  membrane 
or  near  the  cell  wall  (Voskresenskaya  1972,  Dennison  1979), 
it  is  possible  that  permeability  of  the  plasma  membrane  to 
auxin  is  directly  controlled  by  blue  light  (Dennison  1979). 
How  the  effect  of  blue  light  on  auxin  transport  can  affect 
cold  tolerance  is  obscure,  but  the  example  serves  to 
illustrate  the  possibility  of  photocontrol  of  membrane 
permeability.  Whether  this  is  the  reason  for  the  low  cold 
hardiness  found  in  Saxifraga  oppositifolia  under  a  blue  poor 
environment  is  not  known. 

The  rapid  rise  in  hardiness  in  the  -blue  light  plants 
between  7  August  and  13  August  may  have  been  due  to 
endogenously  controlled  metabolic  changes  accompanying  the 
beginning  of  senescence  (second  year  leaves)  and  dormancy, 
as  suggested  for  Sal ix  arctica.  However,  the  control  plants 
did  not  increase  in  hardiness  despite  a  phenological  state 
similar  to  the  -blue  treated  plants.  Possibly  the 
end-of -season  changes  which  occurred  in  plants  under  the 
-blue  treatment  were  sufficient  only  to  restore  the  degree 
of  cold  hardiness  back  to  normal,  and  that  Saxifraga 
oppositifolia  does  not  undergo  a  natural  increase  in 


:  :  ■ 


'  joq  ©ri  j  3  s  Tieul  li 

V  -s, 


■ 


160 


hardiness  as  early  as  Sal ix  arctica.  Therefore,  greater  cold 
tolerance  would  not  yet  be  evident  by  13  August. 

That  higher  degrees  of  tolerance  do  eventually  develop 
is  clear  from  the  fact  that  monthly  mean  soil  surface 
temperatures  during  the  winter  on  Truelove  descend  to  -35° 
or  -40°C  (Courtin  and  Labine  1977).  KainmCiller  (1975)  showed 
that  alpine  populations  of  Saxifraga  oppositifolia  undergo  a 
marked  increase  in  cold  hardiness  as  the  growing  season 
ends.  She  found  that  during  the  summer  the  potential  cold 
resistance  of  leaf  tissue  was  between  -5°  and  -10°C,  while 
in  October  the  same  tissue  survived  slow  cooling  to  -50°C  or 
lower.  The  shoots  were  resistant  to  between  -15°  and  -20°C 
during  the  growing  season  and  reached  -60° C  or  lower  in  the 
winter.  Both  tissues  were  less  resistant  by  about  5°  when 
stressed  by  rapid  freezing.  She  did  not  consider  what  the 
mechanism  of  hardiness  increase  might  be. 

The  results  of  KainmOller  (1975)  compare  favorably  with 
those  of  this  study.  Since  the  absorbance  of  the  TTC  dye  was 
correlated  with  regrowth  from  the  stressed  stem,  and  not 
with  survival  of  leaves  par  so,  the  test  as  used  in  this 
work  actually  evaluated  the  cold  hardiness  of  the  stem  and 
buds.  Hence  the  -15°  to  -20° C  range  reported  by  KainmOller 
for  potential  shoot  cold  hardiness  is  essentially  the  same 
range  illustrated  in  Fig.  36  (excluding  the  -blue 
treatment ) . 

The  controlled  environment  results  indicate  a  lesser 
degree  of  hardiness  than  that  found  under  field  conditions 
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(Table  5).  Plants  which  had  been  stored  at  -10°C  were  hardy 
to  below  -25°C,  but  did  not  survive  immersion  in  liquid 
nitrogen.  KainmOller  reported  alpine  Saxifraga  oppositifolia 
to  be  cold  hardy  to  below  -196°C  during  the  winter.  This 
suggests  that  the  failure  to  find  the  same  in  this  case  may 
have  resulted  from  a  poor  choice  of  shoots,  since  it  is 
difficult  to  select  live  from  dead  shoots  when  the  plant  is 
in  the  frozen  state.  Also,  -10°C  may  not  be  cold  enough  to 
develop  a  very  low  degree  of  tolerance  in  this  species. 
During  the  growing  season,  the  control  plants  were  hardy  to 
between  -8°  and  -10°C.  Most  plants  subjected  to  the  various 
treatments  exhibited  similar  degrees  of  cold  tolerance.  The 
exception  is  the  short  day  plants  which  were  cold  hardy  to 
below  -20eC  at  the  time  of  the  last  test  (Table  5). 

Short  days  may  have  caused  an  early  increase  in 
hardiness  in  a  manner  similar  to  that  which  occurs  in  other 
species  (Weiser  1970)  and  as  suggested  for  Sal ix  arctica. 
Unlike  the  results  with  arctic  willow,  the  far-red  treatment 
failed  to  increase  hardiness  in  Saxifraga  oppositifolia. 

This  may  have  resulted  from  a  difference  in  the  phytochrome 
threshold  point  or  the  requirement  for  a  longer  induction 
period  to  obtain  the  same  degree  of  response  as  that  which 
occurred  under  short  days  (Cumming  1969). 

The  lower  hardiness  levels  of  the  controlled 
environment  grown  plants  in  comparison  to  the  field  results 
is  difficult  to  explain.  Water  stress  has  been  shown  to 
cause  a  slight  increase  in  hardiness  (Chen  et  al.  1977)  and 
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Table  5.  Cold  hardiness  (eC)of  Saxifraga  oppositifolia  in 
response  to  the  laboratory  treatments.  The  left  column 
indicates  the  number  of  days  of  above  freezing  air 
temperature.  The  temperature  and  light  regime  for  each 
treatment  are  given  in  Table  1.  Plants  on  day  -6  were  from  a 
constant  -10°C  environment.  The  treatments  were  started  on 
day  29.  Values  given  as  a  temperature  range  are  from  direct 
observations  of  shoot  survival  two  weeks  after  temperature 
stress . 


Day 

Treatment 

Control 

Short  day 

Far  red 

F  rost 

-6 

<-25 

23 

-8.4 

44 

-9.4 

between 
-10  and  -15 

between 
-10  and  -15 

-9.3 

58 

between 
-10  and  -15 

<-20 

between 
-10  and  -15 

between 
-  1 0  and  -  1 5 

the  growth  chamber  plants  had  a  more  favorable  moisture 
regime  than  the  field  plants  (compare  Figs.  39  and  40). 

There  were  greater  differences  in  leaf  water  potential 
between  the  different  field  treatments  than  between  the 
control  plants  from  the  growth  chamber  and  the  field  control 
plants,  whereas  the  magnitude  of  hardiness  differences  was 
greater  between  field  and  lab  control  plants  than  between 
different  field  treatments.  However,  hardiness  is  not 
linearly  related  to  water  stress.  With  red  osier  dogwood, 
Chen  et  al.  (1977)  found  a  significant  increase  in  hardiness 
(from  -3°  to  -6°C)  as  water  potential  decreased  from  -0.5  to 
-1.4  MPa,  and  a  similar  increase  when  water  potential 
further  decreased  to  -1.7  MPa  (-6°  to  -11°C).  It  is 
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possible,  then,  that  the  field  plants  experienced  a  slight 
hardiness  increase  because  of  water  stress. 

Higher  shoot  temperatures  were  probably  not  responsible 
for  the  lower  hardiness  of  the  controlled  environment 
plants.  Plants  receiving  nightly  frosts,  which  field  plants 
rarely  experienced,  appeared  no  more  cold  hardy  than  the 
controls  (Table  5).  One  important  difference  between  field 
and  controlled  environment  plants,  though,  may  have  been 
root  temperature.  The  field  plants  had  daily  mean  subsurface 
(-5  cm)  root  zone  temperatures  between  4-5° C  (Table  2,  p. 
75),  with  values  probably  dropping  a  few  more  degrees  at 
"night".  Although  the  soil  temperatures  of  the  controlled 
environment  plants  were  not  measured,  they  were  very  likely 
near  the  10°C  air  temperature  which  persisted  16  h  each  day. 
It  is  quite  possible  that  a  5  to  6°C  increase  in  root 
temperature,  relative  to  the  shoots,  could  result  in 
significant  hormonal  changes  in  plants  adapted  to  cold 
temperatures  (see  Spomer  1979).  In  particular,  gibberellic 
acid  (GA)  may  be  translocated  from  the  roots  in  significant 
amounts  (Salisbury  and  Ross  1978),  and  has  been  found  to  be 
involved  in  the  decrease  of  cold  hardiness  (Irving  and 
Lanphear  1968,  Alden  and  Hermann  1971).  If  the  GA  levels 
became  abnormally  high  in  the  shoots  due  to  increased 
transport  from  unusually  warm  roots,  a  decrease  in  hardiness 
might  occur.  Since  hormones  may  act  primarily  on  altering 
membrane  permeability  (Trewavas  1976),  a  decrease  in  the 
membrane  permeability  to  water  would  result  in  increased 
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intracellular  damage  through  ice  formation.  CytoKinins  may 
also  be  involved.  Artificial  cytokinin  (kinetin)  has  been 
found  to  greatly  reduce  the  water  permeability  of  roots  (Tal 
and  Imber  1971,  Collins  and  Kerrigan  1974,  Collins  1974). 
Higher  than  normal  cytokinin  concentrations  in  the  shoots, 
through  increased  production  in  the  roots,  may  decrease 
permeability  to  water  efflux  and  increase  the  danger  of 
intracellular  ice  formation. 

Although  this  line  of  reasoning  remains  very 
speculative,  a  decrease  in  hardiness  resulting  from  high 
root  temperatures  and  a  subsequent  hormone  imbalance  in  the 
shoots,  remains  the  most  plausible  explanation  for  the 
differences  between  the  field  and  controlled  environment 
resul ts . 

There  is  evidence  that,  like  Sal ix  anctica,  the 
development  of  greater  hardiness  is,  to  a  certain  extent, 
through  an  internal  regulation  mechanism.  As  with  arctic 
willow,  individuals  of  Saxifraga  oppositifolia  were  obtained 
from  True  love  near  the  end  of  the  1979  growing  season, 
returned  to  Edmonton,  and  placed  in  a  +5°C  environment  with 
continous  light.  Tissue  tested  on  16  August  was  hardy  to 
below  -20°C,  and  tolerant  to  below  -32°C  by  26  August.  On  9 
September  all  tissue  was  killed  at  -44°C  and  survived  -40°C 
very  poorly. 

Since  these  low  temperatures  ( - 32 0  C )  were  not  survived 
by  either  the  1978  field  plants  or  the  controlled 
environment  plants,  and  yet  the  light  and  temperature 
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conditions  were  similar,  it  is  apparent  that  an  endogenously 
controlled  increase  in  hardiness  occurred.  This  possiblity 
was  considered  in  greater  detail  in  the  discussion  of  Sal ix 
arctica  cold  hardiness.  The  inability  of  Saxifraga 
oppositifolia  to  survive  below  -40°C  when  maintained  at  5°C 
indicates  that  a  further  level  of  hardening  must  occur, 
probably  through  exposure  to  lower  temperatures  (see  Weiser 
1970  and  Introduction).  However,  a  natural  increase  in  cold 
hardiness  to  near  -40°C  in  the  absence  of  frost  is  certainly 
sufficient  protection  against  rapid  temperature  drops  that 
might  accompany  the  approaching  arctic  winter. 


3.  Field  Water  Relations 

Diurnal  variation  in  early  season  leaf  water  potential 
was  absent  in  Saxifraga  oppositifolia  (Fig.  38).  Mean  values 
ranged  between  -0.76  MPa  and  -1.18  MPa,  and  none  was 
significantly  different  at  the  95%  level.  Later  in  the 
season  (1  August)  leaf  water  potential  was  generally  lower 
(Fig.  38).  At  that  time  there  was  an  indication  of  a  drop  in 
water  potential  near  midday,  although  the  difference  was  not 
statistically  significant.  In  August,  the  highest  mean 
values  were  found  at  2300  and  0400  h  (-1.04  and  -0.94  MPa; 
respectively)  and  the  lowest  water  potentials  were  near 
midday  (-1.66  MPa ) . 

Leaves  of  Saxifraga  oppositifolia  persist  for  two  years 
before  senescence  ( Svoboda  1974).  Second  year  leaves  were 
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Fig.  38.  Diurnal  variation  in  leaf  water  potential  of 
Saxifraga  oppositifolia  under  field  conditions.  Upper  figure 
shows  results  from  5  (left)  and  7 ( r i ght )  July.  Lower  figure 
is  based  on  1  August  data.  Bars  show  95%  confidence  limits 
( n=4 ) . 
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necessarily  used  in  the  early  season  sampling,  since  little 
or  no  new  growth  was  yet  present.  The  absence  of  pronounced 
diurnal  variation  in  water  potential  in  early  July,  under 
conditions  of  strong  variation  in  light  intensity  and  leaf 
temperature,  suggests  that  soil  moisture  was  high  and 
internal  resistance  to  water  flow  was  low.  A  second 
possibility  is  that  the  stomata  of  second  year  leaves  are 
relatively  insensitive  to  variation  in  light  intensity  and 
vapor  pressure  gradients,  which  would  result  in  little 
diurnal  change  in  leaf  water  potential.  A  comparison  of 
current  and  one-year  old  leaves  of  Pinus  sylvestr i s  showed 
older  leaves  to  exhibit  less  of  a  leaf  water  deficit  with 
increasing  water  stress  (Sands  and  Rutter  1958).  Other 
studies  with  conifers  have  found  a  pattern  of  increasing 
minimum  leaf  resistance  with  age  in  some  species  (Waggoner 
and  Turner  1971  in  Hinckley  et  al.  1978,  Running  1976), 
which  would  tend  to  mitigate  the  effects  that  fluctuations 
in  vapor  pressure  gradient  would  have  on  leaf  water 
potent i a  1 . 

In  early  August,  the  slight  drop  in  mean  leaf  water 
potential  (ca.  0.6  MPa)  at  midday  suggest  that  a  reduction 
in  soil  moisture  had  occurred  by  then.  The  control  plants 
were  located  at  midslope,  rather  than  near  the  slope  base, 
and  drier  conditions  likely  prevailed  at  their  location. 
Teeri  (1972,  1973)  reported  diurnal  fluctuations  (about  0.6 
MPa),  similar  to  those  found  here,  for  beach  ridge 
populations  of  Saxifraga  oppositifolia  from  True  love.  He 
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found  minimum  leaf  water  potentials  to  occur  in  early 
afternoon,  as  was  seen  in  this  study. 

Only  the  short  day  treatment  appeared  to  affect  the 
mean  midday  water  potential  of  the  plants  (Fig.  39).  With 
the  exception  of  the  post-chinook  sample  (4  August),  the 
mean  leaf  water  potential  under  short  days  always  occurred 
between  -1.85  MPa  and  -2.15  MPa.  The  implications  of  these 
results  are  discussed  later  together  with  the  controlled 
environment  results. 

In  contrast,  none  of  the  other  treatments  showed  mean 
values  in  that  range.  The  neutral  density  filter  appeared  to 
create  an  environment  under  which  the  plants  varied  little 
in  water  potential.  Values  ranged  only  between  -1.19  MPa  in 
mid-July  to  -1.45  MPa  in  mid-August  (Fig.  39).  The  buffering 
effects  that  the  cheesecloth  may  have  had  on  the  humidity 
and  light  environment  under  the  ND  domes  were  discussed 
earlier  with  respect  to  willow,  and  the  same  appears 
relevant  to  Saxifraga  oppositifolia. 

The  -red  and  -blue  treated  plants  fluctuated  more 
widely  (ca.  0.5  to  0.6  MPa),  but  revealed  no  differences 
between  the  seasonal  patterns  of  leaf  water  potential  that 
could  be  accounted  for  by  anything  but  natural  differences 
between  plants  and  microsites.  Both  treatments  began  and 
ended  the  season  with  mean  leaf  water  potentials  within  0.1 
MPa  and  had  essentially  identical  mean  values  on  two  other 
occasions  (Fig.  39).  The  control  plants  exhibited  wider 
fluctuation  in  mean  leaf  water  potential  throughout  the 
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Fig.  39.  Effects  of  field  treatments  on  the  total  leaf  water 
potential  of  Saxifraga  oppositifolia.  All  tissue  was 
collected  at  1300  h  CDT,  except  on  17  August  (0800).  Bars 
indicate  standard  error  of  the  mean  ( n= 1  - 4 ) . 


170 


season  than  seen  in  most  other  treatments.  The  highest  mean 
midday  water  potential  (-0.92  MPa)  occurred  in  late  July, 
and  the  lowest  was  in  mid-August  (-1.84  MPa).  It  is  only 
near  the  end  of  the  season  that  the  midday  leaf  water 
potential  of  the  control  plants  may  be  considered  very  much 
different  fron  the  dome  treatments.  The  1  August  value  was 
part  of  the  diurnal  curve  determination,  and  with  no 
comparative  samples  from  the  other  treatments  at  that  time 
it  cannot  be  Known  whether  or  not  those  plants  also 
decreased  in  water  potential.  This  instance  illustrates  that 
the  assumption  of  linearity  in  the  relationship  between  two 
points  that  is  implied  when  straight  lines  are  drawn  is  not 
necessarily  valid. 

The  slightly  lower  end-of -season  water  potential  (-1.82 
MPa)  in  the  control  plants  may  be  largely  a  reflection  of 
the  mid-slope  position  of  these  plants  (i.e.  drier  soil), 
relative  to  the  other  treatments  down  slope.  The  higher 
earlier  morning  value  found  two  days  later  (-1.28  MPa) 
suggests  that  a  partial  recharge  of  tissue  could  still  occur 
this  late  in  the  season,  indicating  that  soil  moisture  was 
not  entirely  depleted.  Recent  rains  probably  helped,  and 
relative  humidity  was  94%  at  the  time  of  sampling.  Also,  a 
sort  of  twilight  occurred  during  the  "night"  at  this  time 
which  would  be  conducive  to  stomatal  closure  and  tissue 
rehydration . 

The  chinooK  of  2-3  August  resulted  in  higher  leaf  water 
potentials  in  most  treatments  than  at  any  other  time  of  the 
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year  (Fig.  39).  At  the  4  August  sampling  the  plants  still 
exhibited  signs  of  the  stomatal  closure  which  must  have 
occurred  during  the  Chinook.  At  1300  h,  approximately  17 
hours  after  conditions  returned  to  normal  (i.e.  70%  RH  and 
6°C),  relatively  high  water  potentials  were  evident.  Teeri 
(1972)  reported  on  the  effects  of  a  46  h  chinooK  in  1969  and 
found  the  leaf  water  potential  of  beach  ridge  plants  of 
Saxifraga  oppositifolia  dropped  to  -1.7  MPa  at  the  end  of 
the  wind,  compared  to  -0.5  MPa  prior  to  the  stress.  It  is 
possible  that  the  17  h  post-chinook  period  was  adequate  for 
recovery.  A  delay  in  the  opening  of  stomata  after  tissue 
rehydration  would  explain  the  high  water  potentials.  This 
was  seen  in  tobacco  and  other  species  where  stomata  remained 
nearly  closed  for  up  to  48  h  after  the  turgor  of  previously 
water  stressed  leaves  had  been  re-established  (Fischer  et 
al.  1970,  Fischer  1970). 

The  leaf  water  potential  of  the  short  day  plants  was 
unusually  high  (-0.94  MPa)  on  4  August  relative  to  any  other 
sampling  date  during  the  season  (Fig.  39).  It  is  possible 
that  normal  stomatal  function  had  been  disrupted  by  the 
short  days,  resulting  in  a  reduced  stomatal  response  to 
stress  conditions  (i.e.  remaining  open)  and  lower  leaf  water 
potentials.  However,  the  prolonged  period  of  low  humidity 
(ca.  28  h)  and  high  air  temperatures  (10°)  may  have  been 
sufficient  to  induce  closure  and  allow  the  tissue  to 
hydrate . 

A  second  possibility  lies  in  an  increase  in  the 
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internal  resistance  to  water  flow  as  a  result  of  short  days. 
Short  days  have  been  implicated  in  the  increase  in  root 
resistance  and  reduced  stem  hydration  in  Cornus  stolonifera 
(Parsons  1978,  McKenzie  et  al.  1974b).  The  same  treatment 
decreased  relative  water  content  and  leaf  water  potential  in 
Ledum  groen land i cum  (Wilkinson  1977).  In  this  case,  reduced 
midday  water  potential  would  regularly  occur  as  a  result  of 
the  inability  of  the  plant  to  deliver  water  rapidly  enough 
to  replace  transpi rat iona 1  loss.  Prolonged  closure  of 
stomata  during  the  Chinook  could  have  allowed  sufficient 
rehydration  to  be  still  evident  at  the  next  midday  sampling 
17  h  later. 

4.  Controlled  Environment  Water  Relations 

The  bulk  leaf  water  potential  of  the  control  plants  did 
not  significantly  change  throughout  the  62  day  sampling 
period  (Fig.  40).  After  two  days  of  above  freezing 
temperatures,  the  mean  leaf  water  potential  was  -0.95  MPa, 
and  60  days  later  the  mean  value  was  -0.97  MPa.  During  that 
time,  mean  water  potentials  ranged  between  -1.17  and  -0.72 
MPa. 

The  frozen  tissue  showed  significantly  lower  total 
water  potentials  (-3.05  MPa)  at  the  95%  level.  This  was  as 
expected  for  cold  hardy  tissue  in  the  frozen  state,  since 
cell  dehydration  accompanies  the  freezing  of  cold  hardy 
plants  (freeze  dehydration)  (Levitt  1972). 
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Fig.  40.  Effects  of  controlled  environment  treatments  on  the 
leaf  water  potential  of  Saxifraga  oppositifolia.  Day  0  marks 
the  beginning  of  above  freezing  temperatures .  In  the  upper 
figure,  closed  symbols  indicate  total  leaf  water  potential; 
open  symbols  show  osmotic  potential.  Turgor  is  shown  in 
lower  figure.  95%  confidence  limits  are  given  (n=2-4). 


' 


174 


Osmotic  potentials  in  the  controls  remained 
insignificantly  different  from  each  other  (Fig.  40).  Mean 
values  were  between  -1.09  and  -1.50  MPa,  with  most  data 
occurring  between  the  -1.20  and  -1.40  MPa  range.  Turgor 
remained  relatively  unchanged,  as  the  plants  began  and  ended 
the  growing  period  with  ca.  0.4  MPa  of  pressure.  Mean  values 
ranged  between  0.33  and  0.68  MPa. 

The  far-red,  frost  and  short  day  regimes  did  not 
significantly  affect  the  mean  leaf  water  potential  of 
Saxifraga  oppositifolia  after  33  days  of  treatment  (Fig. 

40).  Both  the  far-red  and  frost  treated  plants  appeared,  at 
first,  to  have  slightly  lower  values  than  the  controls,  but 
by  the  end  of  the  study  all  three  sets  of  plants  were  within 
0.1  MPa  of  each  other.  The  short  day  plants  remained  near 
-1.10  MPa  during  the  19  day  sampling  period  and  was  also 
within  0.1  MPa  of  the  control  at  the  end  of  the  testing. 

The  osmotic  potentials  of  the  treatment  plants  often 
averaged  lower  than  the  control  plants,  but  were  not 
significantly  different  at  the  95%  level  (Fig.  40).  The  mean 
osmotic  potential  of  the  frost  treated  plants  increased  from 
-1.91  MPa  after  2  weeks  of  treatment  to  -1.47  MPa  19  days 
later.  The  short  day  plants  changed  little  from  the  first  to 
last  sampling  (-1.48  to  -1.37  MPa),  and  the  far-red 
treatment  showed  almost  identical  values.  At  the  end  of  the 
study,  the  mean  osmotic  potentials  were  -1.47,  -1.39,  -1.37 
and  -1.34  MPa  for  the  cold,  far-red,  short  day  and  control 
treatments,  respectively. 


X 


. 

■ 


175 


Turgor  in  all  three  treatments  was  similar  to  that 
found  in  the  control  plants  (Fig.  40).  The  mean  pressure 
potential  of  the  cold  treated  plants  remained  near  0.6  MPa 
throughout  the  study.  Short  day  plants  also  appeared 
unchanged  as  mean  values  ranged  between  0.42  and  0.32  MPa. 
Plants  under  far-red  treatment  showed  a  mean  pressure 
potential  of  0.28  MPa  at  the  first  sampling  and  0.53  MPa  on 
the  last  day.  All  treatments  were  within  0.22  MPa  of  the 
control  when  the  trials  ended  and  no  results  were 
significantly  different  at  the  95%  level. 

It  is  clear  that  the  treatments  did  not  affect  the 
water  relations  of  Saxifraga  oppositifoiia  in  a  significant 
way.  However,  the  low  osmotic  potential  (-1.91  MPa)  seen  in 
the  frost  treated  plants  after  14  days  of  treatment,  while 
not  statistically  different,  may  have  indicated  that 
metabolic  adjustment  to  the  short  periods  of  subfreezing  was 
occurring.  Siminovitch  et  al.  (1975)  suggested  that  the 
increase  in  unsaturated  fatty  acids  often  observed  in 
herbaceous  plants  grown  at  low  temperatures  is  simply  a 
result  of  metabolic  processes  (required  for  hardening) 
occurring  at  low  temperatures ,  and  not  a  cause  of  increased 
hardiness  in  itself.  In  a  similar  way,  metabolic  changes  may 
have  been  induced  by  freezing  temperatures  in  Saxifraga 
oppositifolia  (not  necessarily  changes  in  fatty  acids)  which 
resulted  in  a  temporary  increase  in  leaf  osmotic  potential. 
No  change  in  cold  hardiness  was  noted  at  this  time  (Table 
5),  but,  as  noted  above,  the  changes  need  not  cause  an 
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increase  in  cold  tolerance.  A  return  to  "normal"  osmotic 
concentrations  may  have  occurred  after  adjustments  to  the 
colder  environment  were  completed,  and  would  explain  the 
later  convergence  with  results  from  the  other  treatments. 


5.  Synthesis 

In  comparison  to  the  well -watered  plants  grown  under 
controlled  environments,  the  field  plants  showed  lower  mean 
water  potentials.  This  was  as  expected  and  is  supported  by 
Teeri' s  (1972,  1973}  work  with  the  same  species  near  the 
same  site  on  Truelove.  He  often  found  the  leaf  water 
potential  of  beach  ridge  populations  to  be  below  -1.0  MPa, 
and  stress  to  -2.5  and  -3.5  MPa  occurred  during  drought. 
Plants  in  controlled  environment  chambers  were  able  to  be 
maintained  at  water  potentials  above  -1.0  MPa,  which  he 
considered  to  be  nonstress  conditions.  Very  similar  results 
are  seen  from  Figs.  39  and  40. 

Teeri  (1973)  also  noted  that  net  photosynthesis 
continued  to  be  positive  to  the  mean  leaf  water  potential  of 
-2.5  MPa.  Beach  ridge  populations  were  not  used  in  the 
present  study,  but  the  response  of  the  midslope  plants  which 
were  used  was  probably  more  similar  to  Teeri' s  beach  ridge 
plants  than  to  the  meadow  and  snowbank  populations  he  also 
studied.  Thus,  it  is  likely  that  water  was  not  limiting  to 
the  1978  control  and  treatment  plants  with  respect  to 
photosynthesis,  despite  the  often  low  water  potentials. 
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The  growth  chamber  results  reinforce  the  contention 
that  the  field  treatments  (excluding  short  day  plants)  were 
ineffective  in  altering  the  water  relations  of  Saxifraga 
oppositifolia.  The  relatively  unchanging  water  potential  in 
the  plants  throughout  the  sampling  period  suggests  that  with 
adequate  soil  moisture  Saxifraga  oppositifolia  can  maintain 
a  high  leaf  water  potential,  despite  the  obvious 
phenological  changes  (e.g.  leaf  yellowing)  which  occurred 
near  the  end  of  the  testing,  under  all  treatments.  Teeri 
(1972)  reported  high  leaf  water  potentials  (ca.  -0.5  MPa)  in 
early  to  mid-August  1969,  and  much  lower  values  earlier  in 
the  year.  His  results  suggest  that  soil  moisture 
availability  played  the  major  role  in  determining  leaf  water 
potential,  assuming  no  other  stressful  conditions  prevailed 
(e.g.  chi  nook ) . 

The  very  low  water  potentials  exhibited  by  the  short 
day  plants  in  the  field  were  not  seen  during  the  growth 
chamber  studies.  In  some  cases,  the  mean  differences  between 
short  day  and  control  plants  differed  by  0.1  to  0.4  MPa.  In 
the  field,  the  short  day  treatment  was  begun  7  July,  and  18 
days  later  the  difference  between  the  control  and  SD  plants 
was  1.23  MPa.  The  same  period  of  treatment  under  a 
controlled  environment  produced  a  0.2-0. 3  MPa  difference 
between  the  two  plant  sets.  The  low  field  values  might  be 
the  result  of  position  on  the  beach  ridge  slope.  However, 
from  Fig.  9  it  is  evident  that  while  the  short  day  plants 
were  near  a  midslope  position,  the  control  plants  were  not 
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any  closer  to  the  slope  base.  It  is  not  likely  that  soil 
moisture  was  different  enough  between  the  locations  of  the 
two  sets  of  plants  to  account  for  the  wide  discrepancy  in 
results.  Short  days  may  have  directly  affected  plant 
response  to  water,  possibly  through  changes  in  stomata 
and/or  root  resistance,  to  the  extent  that  only  under  stress 
conditions  would  the  effects  become  manifest.  If  stomata  1 
resistance  was  decreased  (and  transpiration  increased)  under 
short  day  treatment,  then  significant  water  stress  could 
occur  at  midday  when  leaf  temperatures  were  high  and  soil 
moisture  limiting.  As  noted  above,  the  field  plants  were 
apparently  under  some  degree  of  water  stress  at  most  times, 
since  leaf  water  potentials  were  generally  less  than  -1.0 
MPa,  and  this  was  presumably  due  to  limitations  in  soil 
moisture.  In  the  controlled  environment,  the  radiation  load 
(and  therefore  the  vapor  pressure  gradient)  was  low  and  soil 
moisture  high.  A  similar  decrease  in  stomatal  resistance 
would  not  have  resulted  in  the  same  degree  of  leaf  water 
stress  as  in  the  field  because  the  rate  of  water  loss  at  the 
leaf  would  be  lower  and  could  be  matched  by  replacement  by 
the  root,  even  if  resistance  was  slightly  higher. 

Parsons  (1978)  reported  a  decrease  in  stomatal 
resistance  and  an  increase  in  transpi rat  ion  in  SD  treated  C. 
stolonifera  relative  to  long  day  controls.  Also,  root 
resistance  increased  in  SD  plants.  The  net  result  was  lower 
leaf  water  potentials  in  the  SD  plants  (ca.  0.1  MPa) 
throughout  most  of  the  study.  Although  in  this  study  the 
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differences  between  short  day  and  control  plants  grown  under 
controlled  conditions  were  not  significantly  different,  the 
magnitude  of  the  differences  was  comparable  to  that  found  by 
Parsons  (1978).  Loveys  et  al.  (1974)  found  a  similar 
photoper iodical ly  induced  increase  in  stomatal  conductance 
of  Beta  la  lutea. 

With  the  present  evidence  and  support  from  previous 
workers  it  appears  that  the  short  day  treatment  may  have 
induced  a  decrease  in  stomatal  resistance  and  possibly 
increased  root  resistance. 
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IV.  Summary  and  Conclusions 

The  relatively  low  osmotic  potentials  (-1.85  to  -2.11 
MPa)  maintained  by  Sal ix  anctica  under  a  controlled 
environment,  along  with  a  certain  degree  of  freeze 
dehydration  tolerance,  is  probably  responsible  for  the  level 
of  leaf  cold  hardiness  seen  during  the  season  (LT  50= 
-8.6±.9°C  (95%  confidence  interval)).  Under  the  same 
conditions,  turgor  is  low  during  leaf  expansion  (ca.  0.3 
MPa),  but  increases  in  mature  leaves  (1.10  to  1.20  MPa). 
Total  leaf  water  potential  is  greater  than  -1.0  MPa  when 
moisture  is  not  limiting,  and  implies  that  the  field  plants 
were  under  some  degree  of  stress  throughout  most  of  the 
season.  In  the  field,  leaf  water  potential  is  generally 
higher  than  the  assumed  threshold  potential  of  -1.40  MPa, 
indicating  that  midday  water  stress  was  not  excessive. 
Controlled  environment  studies  showed  a  maintainence  of  high 
leaf  water  potential  into  the  early  stages  of  whole  plant 
leaf  senescence,  and  the  results  from  the  short  day  field 
studies  suggest  that  an  individual  leaf  retains  a  favorable 
water  status  until  its  final  stages  of  senescence  and 
abscission . 

Relative  to  willow,  Saxifraga  oppositifolia  maintained 
low  turgor  (between  0.3  and  0.5  MPa)  and  high  osmotic 
potential  (-1.10  to  -1.50  MPa)  under  controlled  environment 
conditions  throughout  the  growing  period.  Total  leaf  water 
potential  was  very  similar  in  the  two  species,  generally 
occurring  between  -0.7  and  -1.0  MPa.  While  well  watered, 
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there  was  no  clear  evidence  of  decreased  leaf  water 
potential  in  Saxifraga  oppositifolia  when  cold  hardiness 
increased.  Under  short  days,  the  leaf  water  potential  of 
controlled  environment  plants  remained  unchanged  throughout 
the  study,  although  an  increase  in  hardiness  occurred  near 
the  end.  The  water  potential  of  the  control  plants  was  only 
slightly  higher  (0.1  MPa).  The  much  lower  water  potentials 
of  the  short  day  field  treatments  may  have  been  a 
combination  of  short  days  (increased  root  resistance  and/or 
stomatal  opening)  and  water  stress;  the  latter  factor  being 
absent  in  the  growth  chamber  studies.  The  role  of  short  days 
in  the  induction  of  decreased  water  potential  in  Saxifraga 
oppositifolia  remains  uncertain. 

There  were  no  clear  indications  that  Sal ix  arctica  and 
Saxifraga  oppositifolia  initiate  cold  acclimation  or 
dormancy  through  the  perception  of  seasonal  changes  in  the 
radiation  environment  on  Truelove  Lowland.  This  was  so 
despite  evidence  (model  predictions  supported  by  data)  which 
suggested  that  seasonal  shifts  in  zeta  can  act  in  such  a 
role.  The  3.5°C  difference  in  stem  hardiness  between  Sal  ix 
arctica  grown  in  a  controlled  environment  (-13.5‘C)  and  the 
field  controls  in  mid-August  (-17°C)  may  have  resulted 
through  a  triggering  of  the  first  acclimation  stage  by  a  low 
zeta  occurring  a  few  weeks  earlier,  but  the  difference  is 
too  small  to  be  sure  of  its  significance. 

Short  days  were  found  to  be  effective  in  the  induction 
of  early  dormancy  (as  indicated  by  premature  leaf 
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senescence)  and  stem  and  shoot  cold  hardiness  in  Sal  ix 
arctica  and  Saxifraga  oppositifolia.  Willow  showed  an 
increase  in  stem  hardiness  of  at  least  5“  to  6°C  (-10°C  to 
<-15  C)  under  short  days  and  when  the  inductive  darkness  of 
short  days  was  replaced  by  far-red  light.  There  was  no 
effect  of  short  days  on  leaf  cold  hardiness  in  the  field, 
except  possibly  indirectly  through  the  hastening  of 
senescence.  The  mean  seasonal  leaf  cold  hardiness  in  the 
field  was  -8.6±.9°C  (95%  confidence  interval).  Controlled 
environment  studies  showed  a  leaf  hardiness  value  of  -7°C. 

Saxifraga  oppositifolia  exhibited  an  increased  shoot 
hardiness  of  at  least  8  to  10°C  only  under  short  days.  The 
absence  of  induction  under  a  far -red  night  may  be  due  to  a 
requirement  for  a  longer  treatment  period  to  obtain  the  same 
response  as  with  short  days.  In  the  field,  shoots  were  hardy 
to  between  -15°  and  -18.6’C,  while  controlled  environment 
studies  showed  hardiness  between  -9°  and  -10°C.  The 
discrepancy  may  have  been  due  to  higher  root  temperar tures 
in  the  growth  chamber  material,  resulting  in  a  hormonal 
imba 1 ance . 

The  short  day  results  in  both  species  point  to  the 
presence  of  a  phytochrome-mediated  system  of  triggering  cold 
acclimation,  identical  to  that  found  for  temperate  species 
(see  Weiser  1970).  However,  there  is  no  opportunity  for  this 
system  to  come  into  play  in  the  High  Arctic  and  it 
apparently  remains  a  relict  within  the  two  species, 
inherited  from  low  latitude  ancestors  where  it  presumably 
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was  (and  possibly  still  is)  adaptive. 

In  both  species  increased  hardiness  and  dormancy 
occurred  under  field  or  simulated  field  conditions  with  no 
apparent  environmental  change.  Sal ix  arctica,  under 
regularly  cycling  temperatures  (10°C/3°C),  showed  a  natural 
increase  in  stem  hardiness  of  at  least  7°  to  10°C  after 
growing  for  58  days.  Under  controlled  environment  conditions 
(continuous  light  and  +5°C),  recently  transplanted  Sal ix 
arctica  attained  a  stem  cold  hardiness  to  below  -44° C  and 
Saxifraga  oppositifolia  survived  to  between  -32°  and  -40°C. 
These  high  levels  of  cold  tolerance  were  observed  at  the 
time  (September)  when  field  plants  were  regularly 
experiencing  below  freezing  temperatures,  and  increased  stem 
hardiness  would  be  necessary.  An  endogenously  controlled 
increase  in  cold  hardiness  is  implicated  from  these  results. 
When  fully  hardened,  Sal ix  arctica  survived  immersion  in 
liquid  nitrogen  (-196°C).  Tropical  willows  have  survived 
-50°  to  -70°C  when  properly  hardened,  and  the  present 
results  lend  support  to  the  contention  that  willows  are 
genetically  preadapted  to  withstand  very  low  temperatures 
(Sakai  1970).  Previous  studies  (Kainmdller  1975)  have  shown 
Saxifraga  oppositifolia  to  have  the  same  ability  to  survive 
extremely  low  temperatures  (-196°C). 

Growth  cessation  and  dormancy  are  also  under  endogenous 
control.  In  Sal ix  arctica,  the  control  plants  twice 
initiated  senescence  under  conditions  normally  conducive  to 
growth  and  dormancy  during  10  months  of  continuous  light  and 
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warm  temperatures.  Similarly,  Saxifragaoppositifolia 
exhibited  senescence  of  second  year  leaves  under  controlled 
environment  conditions,  independent  of  light  and  temperature 
changes.  With  Sal ix  arctica  in  particular,  the  endogenously 
controlled  hardiness  increase  appears  to  be  correlated  with 
leaf  senescence  and  the  process  of  becoming  dormant,  though 
cause  and  effect  were  not  shown. 

The  low  temperatures  normally  present  during  the  arctic 
summer  may  be  the  factor  responsible  for  the  marked  increase 
in  hardiness  in  Sal ix  arctica  and  Saxifraga  oppositifolia  at 
the  end  of  the  season.  Endogenous  changes  in  hormone  balance 
(presumably  ABA,  GA  and  cytokinins)  may  create  a 
readi ness- to-harden  condition  coincident  with  leaf 
senescence  and  dormancy  in  which  the  plant  is  responsive  to 
low  temperatures  (ca.  5°C)  as  a  stimulus  for  the  induction 
of  cold  hardiness.  Earlier  in  the  season  the  same 
temperatures  would  be  ineffective.  Perception  of  short  days 
is  only  useful  as  a  warning  of  cold  temperatures  ahead.  If 
cold  temperatures  precede  short  days,  as  in  the  Arctic,  the 
usefulness  of  this  cue  is  gone  and  temperature  is  left  as 
the  sole  external  factor  involved  in  the  development  of  cold 
accl i mat  ion . 

Table  6  summarizes  the  findings  of  this  work.  The 
results  support  the  above  scheme  as  a  modification  of  the 
standard  two-stage  acclimation  model  (Weiser  1970)  to  a 
one-stage  process  involving  decreasing  temperature. 
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Appendix  1 

a.  Transmittance  characteristics  of  the  broadband  (400-500  nm) 
f  i  1  ter  . 


b.  Design  of  special  light  sensors. 
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Fig.  41.  Transmittance  characteristics  of  the  wideband 
filter  used  in  the  blue  sensor. 
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Fig.  42.  Internal  design  of  the  wavelength-selective  light 
sensors.  In  the  side  view,  the  cosine-corrected  sensor  head 
is  shown  at  an  intermediate  position  above  the  filter  and 
solar  cell.  The  two  design  parameters  critical  to  a  good 
cosine  response  are  shown.  Scale  is  1:1. 


Cosine  response  of 
Cosine  response  of 


Appendix  2 

the  narrow  waveband  light  sensors, 
the  ISCO  spectroradiometer . 
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p i q  43  Cosine  response  of  the  A)  660  nm,  B)  730  nm  and  C) 
400-500  nm  sensors,  expressed  as  percentage  of  true 
response . 
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Appendix  3 


Application  of  a  radiation  mode 
and  red:blue  ratios  in  the  High 


to  the  calculation  of  zeta 
Arctic. 
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Jhe  Model  App 1 i ed  to  Arctic  Conditions 

Leckner  (1978)  deals  with  the  elements  of  his  radiation 
model  by  considering  each  spectral  transmittance  function  in 
turn.  The  same  will  be  done  here  as  they  apply  to  the  660  nm 
and  730  nm  wavelengths  under  arctic  conditions. 

At  a  given  wavelength  Xt  the  radiation  incident  on  a 
plane  normal  to  the  sun’s  rays  at  the  bottom  of  the 
atmosphere  is 

(  1  )  E;  =  E  •  CO  .0}  .  U  .U)  .0)  .  . 

I  01  o ii  y  wi  ri  o-l 

The  red  and  far-red  values  of  Eoi  ,  the  extraterrestrial 
irradiance,  were  obtained  from  Thekaekera  (1973).  The 
spectral  transmittance  functions  of  Rayleigh  scattering 
(wr),  ozone  absorption  (w0*).  uniformly  mixed  gases 
absorption  (of  carbon  dioxide,  oxygen,  etc.)  (^3),  water 
absorption  (ww)  and  aerosal  attenuation  (a>oJ,  are  all 
functions  of  relative  air  mass  (m)  as  well  as  wavelength. 

The  calculated  hourly  solar  zenith  angles  at  Truelove  were 
obtained  from  Whitfield  (unpub.  data).  Values  of  relative 
air  mass  cor respondi ng  to  the  solar  zenith  angles  were 
obtained  from  List  (19  4  9) . 

The  Rayleigh  scattering  transmittance  function  used  was 
Wr=  exp{-  0. 008735  A~4'°8mP/Po}  (Leckner  1978  ) 
where  Po=ioi.3  kPa  and  P  was  the  average  air  pressure  at 
base. camp  during  July  and  August  of  1978  (100.2  kPa).  Day  to 
day  variations  in  air  pressure  had  very  little  effect  on 
predicted  zeta  values. 

The  ozone  absorption  coefficients,  k,  were  obtained 
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from  Leckner  (1978)  for  use  in  the  transmittance  function 
<o01=  exp{ -k(A)  em} . 

The  amount  of  atmospheric  ozone,  £,  expressed  as  cm  at 
normal  temperature  and  pressure,  varies  seasonally, 
particularly  at  high  latitudes.  However,  based  on  the  values 
compiled  by  Robinson  (1966),  the  approximate  variation  in 
ozone  between  July  and  August  at  75° N  is  only  10%,  which 
results  in  a  maximum  difference  of  2%  in  the  final 
red:far-red  ratios.  Therefore  a  constant  value  of  0.31  was 
used  in  the  calculations. 

The  combination  of  a  paucity  of  arctic  data  and  locally 
varying  conditions  makes  the  calculation  of  the  transmission 
function  for  aerosol  scattering  approximate  at  best.  The 
expression  used,  exp{-pA“*m},  contains  a  wavelength 
coefficient,  a,  and  a  turbidity  coefficient,  p.  In  keeping 
with  Leckner  (1978),  an  a  of  1.3  was  used,  as  recommended  by 
Angstrom  (1961),  and  adopted  for  the  Angstrom  method  of 
measuring  the  turbidity  coefficient.  However,  Leckner  (1978) 
notes  the  wide  range  in  reported  values  for  a,  and  McCartney 
and  Unsworth  (1978)  have  tabulated  means  and  ranges  of  a 
from  a  variety  of  sites.  These  include  values  well  above 
(3.3)  and  well  below  (-0.5)  that  used  here.  The  value  of 
1.3,  therefore,  is  necessarily  an  approximation. 

The  turbidity  coefficient,  p,  is  basically  a  function 
of  haze  and  aerosol  particles,  and  involves  both  scattering 
and  absorption  of  light  (Angstrom  1961).  Consequently, 
values  tend  to  be  higher  in  populated  areas  and  lower  in 
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cleaner,  isolated  areas.  Although  Vowinckel  and  Orvig  (1962) 
in  their  calculation  of  arctic  insolation  discounted  aerosol 
attenuation  altogether  due  to  the  supposed  very  clean  arctic 
atmosphere,  other  researchers  have  quoted  a  variety  of 
values  for  both  arctic  (Angstrom  1961,  Robinson  1966)  and 
Antarctic  (Fischer  1967,  Kuhn  1972)  environments.  The  value 
of  0.035  used  here  was  obtained  from  Figure  2  in  Angstrom 
(1961)  for  a  latitude  of  75°  N.  Although  this  value  is 
somewhat  arbitrary  due  to  the  absence  of  actual  data  from 
Truelove,  it  fits  well  among  results  of  other  arctic  and 
Antarctic  studies.  Robinson  (1966)  gives  a  range  of 
0.009-0.094  for  p,  with  an  average  value  of  0.047  at 
latitude  70°  N.  Antarctic  results  are  generally  lower, 
possibly  due  to  the  greater  isolation.  Fischer  (1967)  cites 
values  of  0.022  and  0.014  at  McMurdo  station  (77° S)  and 
0.03  7  on  the  open  sea  at  71°  S. 

Leckner  (1978)  follows  the  work  of  McClatchey  et.  al. 
(1972)  and  Selby  and  McClatchey  (1975)  in  obtaining  the 
transmittance  functions  for  water  absorption, 
o)w=  exp{  -  ( 0  .  sk^X^m)  /  (  1  +  25 . 25kulXUJm)  }. 

Here  kw  is  the  effective  absorption  coefficient  of 
water  vapor  and  Xu  is  the  pathlength  for  water  vapor  in 
g  cm‘z  .  Since  there  is  no  absorption  by  water  at  660  nm,  this 
function  was  only  applicable  to  far-red  light.  A  kw  value  of 
.87  was  obtained  from  Leckner  (1978)  for  730  nm. 

Again,  another  unknown  seasonal  variable,  Xw ,  had  to  be 
estimated  from  either  average  tabular  values  or  standard 
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meteorological  data.  In  the  former  case,  Robinson  (1966) 
lists  1.80  cm  as  the  average  amount  of  precipi table  water  at 
70°  N,  and  this  value  was  used  for  predictions  of  zeta  in 
August  ( Xu/  =  1 . 4 3 ) .  Leckner  (  1  978  )  provides  an  alternate 
method  for  determining  Xw  using  relative  humidity  and 
absolute  temperature,  and  this  was  used  to  calculate  zeta  in 
July.  There  is  danger  in  using  data  from  local  ground 
conditions  to  estimate  the  water  content  of  the  entire 
atmosphere  above.  Using  met  data  from  the  hygrothermograph, 
a  value  of  1.22  cm  of  precipitable  water  (Xu=0.97)  was  used 
for  early  July.  With  more  open  ocean  water  in  August  it  is 
likely  that  the  total  precipitable  water  was  less  in  July, 
and  if  Robinson’s  estimate  of  1.80  cm  (Xw=i.43)  is  used  for 
August  the  effects  of  assuming  higher  atmospheric  water 
content  can  be  tested.  Thus,  an  Xw  of  0.97  and  1.43  was  used 
for  July  and  August,  respectively.  The  effect  (Fig.  14)  was 
to  shift  zeta  upward  by  0.02  (1.8%)  in  August. 

The  transmittance  function  for  absorption  by 
atmospheric  gases  (wg )  is  unity  for  660  and  730  nm  since  no 
absorption  occurs  in  the  visible  wavelengths. 

The  direct  solar  radiations  was  calculated  (Equation 
(1))  for  660  and  730  nm  for  a  range  of  air  mass  values 
(1.62-15.36)  correspondi ng  to  the  range  of  zenith  angles 
occurring  on  Truelove  during  July  and  Early  August  (ca. 

52-87°  ).The  calculated  diffuse  sky  radiation  was  added  to 
these  results. 

The  diffuse  sky  radiation  D  above  a  non-reflecting 
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ground,  was  determined  for  red  and  far-red  light  from 
D=  KEcosz 

where  E=  Eoi . 

The  given  zenith  angle  is  z  and  K=0.5  (Leckner  1978).  From 
the  sum  of  the  direct  and  diffuse  components,  the  ratio  of 
predicted  red  and  far-red  radiation  was  determined  for  all 
relevant  sun  angles.  The  results  were  first  converted  from 
energy  units  (W  m“z  nm"1  )  to  quanta  (juE  m"zs-/  )  before  zeta 
was  calculated.  The  ratios  are  found  in  Figure  14  of  the 
Results  and  Discussion. 

The  assumption  of  a  non-reflecting  ground  (albedoC A) =0 ) 
is,  of  course,  not  valid,  particularly  for  an  area  where 
there  is  snow  and  sea  ice  present  during  much  of  the  summer. 
However,  the  overall  effect  of  this  assumption  on  zeta  may 
be  small.  Assuming  an  albedo  of  0.6  for  "normal"  snow, 
Robinson  (1966)  shows  that  an  underestimate  in  global 
radiation  of  ca.  6.6%  will  result  if  an  albedo  of  zero  is 
used  instead  (Fig.  45).  Because  it  is  a  ratio,  the 
difference  disappears  when  zeta  is  calculated,  if  one 
assumes  an  equal  reflectance  of  snow  for  red  and  far -red 
light.  Krinov  (1953)  reported  essentially  equal  reflectances 
(r)  for  all  wavelengths  in  the  400-840  nm  waveband  for  snow 
with  a  thin  film  of  ice  (r=0.76  for  660  and  730  nm) .  Dry 
snow  with  a  crust  was  more  variable,  with  the  albedo 
depending  on  the  azimuth  and  angle  of  view  relative  to  the 
sun.  In  the  extreme  case  the  red  and  far-red  reflectances 
differed  by  .23  (r„o=0.65,  r?30=  0.42  )  (Krinov  1  953  ).  This  would 
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Fig.  45.  The  ratio  of  global  radiation  at  a  given  albedo  (A) 
to  global  radiation  at  A=0  (Ga/Ga=0^  as  a  function  of  albedo 
for  p=  0.035.  Modified  from  Robinson  (1966). 
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result  in  an  increase  in  zeta  relative  to  the  values 
predicted  from  A=0.  An  error  of  greater  magnitude,  but 
causing  a  decrease  in  zeta,  occurs  if  a  sedge  meadow  is 
considered  the  primary  reflecting  surface,  due  to  the  higher 
albedo  of  grasses  and  sedges  in  the  far-red  region 
( r66o=  0.121,  r,3o=  0 . 4 59  )  ( Kr  i nov  1953  ).  Using  these  values  as  the 
extreme  examples,  it  is  clear  from  Fig.  45  that  increasing 
albedo  from  0.12  to  0.46  results  in  an  increase  in  global 
radiation  of  only  ca.  4.5%  when  p=0.035.  Therefore,  it 
appears  that,  on  the  average,  the  differences  in  albedo  of 
snow  and  sedges  are  insignificant  with  respect  to  the 
effects  on  zeta.  Reflectances  in  the  red  and  far-red  range 
were  very  similar  (Ar=0.l0)  for  surfaces  such  as  dry 
limestone,  talus  and  cliffs,  suggesting  that  little  effect 
on  zeta  would  result  from  these  surfaces  alone. 

It  is  difficult  to  assess  the  relative  contributions  of 
the  immediate  vegetation,  the  surrounding  ocean  ice  and  the 
plateau  on  the  red  and  far- red  ratios.  However,  the 
magnitudes  of  possible  error  are  small,  and  sometimes  in 
opposite  directions,  so  i t  is  likely  that  the  effects  of 
spectral  variation  in  albedo  on  global  radiation  are  also 
small,  under  clear  skies. 

The  above  model  does  not  take  into  account  the 
radiation  conditions  under  cloudy  or  overcast  skies,  or  in 
fogs.  There  have  been  few  reports  of  the  spectral 
distribution  under  overcast  skies  (Archer  1978),  and  results 
from  fogs  and  partly  cloudy  skies  are  variable  (Arnulf  and 
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Bricard  1957,  Gates  and  Shaw  1960). 

LofensKi  (1956)  modified  a  7000  K  black  body  spectrum 
to  use  as  an  approximation  of  the  spectral  composition  of  an 
overcast  sky.  This  results  in  a  zeta  of  1.09;  the  effects  of 
changing  sun  angle  are  unclear.  Others  have  assumed  that  the 
overcast  sky  has  the  same  spectral  quality  as  the  diffuse 
radiation  component  on  a  clear  day  (Landsberg  and  Mai li son 
1975  cited  by  Archer  1978).  This  assumption  gives  a  range  of 
zeta  much  higher  in  magnitude  and  less  in  amplitude  than 
obtained  under  clear  skies  (zeta  =  i .  41 -l .  33  for  m=l .  62-15  .  36  , 
respectively).  Middleton  (195*0  developed  a  theory  for  the 
spectral  irradiance  of  the  overcast  sky  in  terms  of  water 
droplet  size  and  concentration,  cloud  thickness  and  incident 
radiation.  He  found  the  albedo  of  the  ground  to 
significantly  affect  the  spectral  compost  ion  of  the  overcast 
sky.  Assuming  stratus  or  stratocumulus  cloud  1000m  thick  and 
composed  of  io8  drops  per  m3,  each  with  an  average  radius  of 
7  microns  (Welch  et  al.  1980),  the  effect  of  the  ground 
albedo  can  be  approximated  according  to  Middleton  (1954).  In 
the  case  of  snow  covered  ground,  with  r66o=0.6  50  and  ^=0.42  0, 
zeta  is  increased  by  a  factor  of  1.34.  With  sedge  meadow 
below  (r660  =0.121  and  r?3o=0.4  59  )  zeta  is  decreased  by  a  factor 
of  0.73.  The  two  factors  are  almost  reciprocals.  As 
mentioned  earlier  in  regard  to  diffuse  light,  it  is 
difficult  to  determine  the  relative  importance  of  the  two 
opposing  tendencies  on  zeta.  This  is  partially  due  to 
seasonally  varying  amounts  of  snow  and  vegetation,  and 


■ 

- 


223 


partially  due  to  variation  in  cloud  cover  and  type.  The 
problem  is  considered  again  in  the  Results  and  Discussion. 

A  final  consideration  is  the  transmission  of  red  and 
far-red  light  through  hazes  and  fogs.  Light  fogs  were  common 
on  the  lowland,  particularly  at  low  sun  angles  (late  night 
and  early  morning).  Arnulf  and  Bricard  (1957)  found  that 
transmission  increased  with  wavelength  in  hazes,  with 
poorest  transmission  between  400-550  nm.  This  suggests  that 
a  decrease  in  zeta  would  occur  under  hazy  conditions 
relative  to  clear  skies,  though  the  amount  of  shift  is 
unknown  and  not  easily  predicted.  For  fogs,  transmission 
often  decreased  with  increasing  wavelength,  though  the  type 
of  fog  was  an  important  factor  (Arnulf  and  Bricard  1957).  In 
some  cases  the  reverse  relationship  was  true.  It  is 
impossible  to  state  categorically  whether  transmittance  in 
fogs  is  greater  at  660  or  730  nm,  since  the  relative 
transmi t tances  reverse  depending  on  conditions.  In  addition, 
at  these  wavelengths,  the  absolute  differences  in  the 
transmission  characteristics  of  fogs  were  often  very  small 
(see  Arnulf  and  Bricard  1957),  and  this  result  together  with 
the  above  facts  makes  any  prediction  of  the  effects  of  fogs 
on  zeta  uncertain. 

********************* 

The  calculation  of  red:blue  ratios  (660:450  nm) 
proceeds  in  much  the  same  way  as  that  outlined  for  zeta 
determinations.  The  results  are  shown  in  Figure  16  of  the 
Results  and  Discussion.  The  ozone  absorption  coefficient  for 
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450  nm  was  taken  from  Leckner  (1978)  and  water  and  gas 
absorption  at  this  wavelength  is  absent.  An  important 
difference  from  the  660  and  730  nm  wavelengths  is  the 
increasing  importance  of  diffuse  sky  radiation  with 
decreasing  solar  elevation.  At  a  zenith  angle  (z)  of  52°, 
diffuse  radiation  is  17.5%  of  the  global  radiation  at  450 
nm.  By  z=8l°  the  percentage  is  33%  and  it  increases  sharply 
to  79%  at  z=  8 1°  .  In  contrast,  the  diffuse  component  of  red 
and  far-red  radiation  at  z=87°  are  9.9  and  6.4%  of  global 
radiation,  respectively.  With  diffuse  light  contributing  so 
heavily  to  global  radiation  at  430  nm,  the  albedo  of  the 
ground  is  likely  an  important  factor.  However,  the  albedos 
of  snow  and  meadows  are  similar  at  the  wavelengths  of  450 
and  660  nm.  The  albedo  of  snow  varies  with  sun  angle,  but 
the  maximum  difference  between  the  two  wavelengths  is  only 
0.11  ( 0.740;  rbho- 0.630  ).  For  sedge  meadows,  the  absolute 
magnitudes  as  well  as  the  relative  differences  are  less 
( n,50=  0.047  ;  rhlt0=  0.121) .  As  before,  the  effects  of  these 
differences  on  rediblue  ratios  are  in  opposite  directions;  a 
prevalence  of  snow  results  in  decreased  red: blue  values, 
while  expanses  of  meadow  favor  higher  ratios.  On  the  latter 
point,  it  is  likely  that  the  increase  in  the  rediblue  values 
would  be  quite  small  due  to  the  low  albedo  of  sedges  and  the 
consequently  very  small  amount  of  secondarily  scattered 
radiation.  Because  of  the  uncertainty  of  the  relative 
contributions  of  reflected  radiation  from  snow  and  sedge, 
the  amount  and  direction  of  change  in  red:blue  ratios  that 
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occurred  due  to  secondary  scattering  is  unclear. 

Under  cloudy  skies,  the  predicted  variation  in  redrblue 
ratios  can  be  very  different  depending  on  the  choice  of 
assumptions.  Because  of  the  large  contribution  of  diffuse 
light  to  the  total  incoming  450  nm  radiation,  the  assumption 
that  the  spectral  distribution  of  the  overcast  sky  is  the 
same  as  the  diffuse  component  under  clear  skies  (Landsberg 
and  Mai  li  son  j_n  Archer  1978  )  results  in  very  much  reduced 
rediblue  ratios,  both  in  magnitude  and  range.  Between  the 
zenith  angles  of  52°  to  87*  ,  the  red:blue  ratios  range  from 
0.41  to  0.68.  The  values  from  Figure  16  range  from  1.31  to 
5.57.  If  Middleton’s  (1954)  model  of  the  overcast  sky  is 
used  and  assuming  the  same  cloud  parameters  as  earlier, 
direct  beam  red  bluerratios  are  reduced  by  a  factor  of  0.84 
when  snow  is  the  primary  reflecting  surface,  and  increased  by 
a  factor  of  1.06  when  sedge  predominates. 

The  trend  under  overcast  skies  might  be  towards  a 
reduction  in  red:blue  ratios,  relative  to  clear  skies, 
because  the  effect  of  snow  is  more  pronounced  than  that  of 
sedges,  and  the  albedo  of  sedges  is  very  small  for  both 
wavelengths  (see  above).  Also,  if  there  is  any  validity  to 
the  Landsberg  and  Mallison  assumption,  the  ratios  would  be 
further  reduced.  More  discussion  is  found  in  the  Results  and 


Discussion. 


